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Abstract 
The L-amino acid oxidase of Neurospora is a gen-
eral amino acid oxidase attacking a wide range of L-amino 
acids at different rates. Activity of the enzyme is de-
pendent on substrate concentration, oxygen tension and 
pH. Different amino acids show different pH optima. 
Activity is significantly reduced by excess substrate, 
and competition is exhibited between mixed substrates. 
1-oxidase production by mycelium is increased 4 to 
10 fold by biotin limitation. This effect is not produced 
by: changes in extractability of the enzyme; reduced level 
of growth; defective ammonia, aspartic acid, or riboflavin 
metabolism; or production of an inhibitor of the enzyme. 
The enzyme is adaptively formed during growth in 
the presence of substrate amino acids. Factors affecting 
the degree of adaptation are biotin and substrate concen-
trations, pH and strain differences. Deadaptation is pro-
duced by excess biotin or the removal of substrate. The 
relation of adaptation to the low biotin effect is discussed. 
The L-oxidase is involved in detoxification of cana-
vanine. Strain differences in canavanine sensitivity are 
paralleled by certain qualitative differences in L-oxidase 
activity. Canavanine resistance is increased on low biotin. 
The relation of these observations to canavanine sensiti-
vity and its genetic control is discussed. 
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I. Introduction 
A large number of the mutants of ligurosporJ2: 
which have been extensively studied are deficient 
in synthesis of amino acids. The function of the 
L-amino acid oxidase in general amino acid and 
nitrogen metabolism is unknown. A general survey 
of the properties and conditions of occurrence 
of the enzyme may throw some light on this question. 
Work on the L-oxidase was undertaken with 
two objects in mind, both based on observations 
published in the first report of the occurrence 
of the enzyme (1). It was noted that the L-
oxidase could not be detected in extracts of all 
wild type strains tested. This suggestion of 
genetic inability to form the enzyme was of 
special interest, since it offered the possibility 
of another opportunity for studying gene-enzyme 
relationships. The second observation , that the 
enzyme could be detected in extracts and in the 
mediwn only when the mold was grown on a lower 
than normal concentration of biotin (0.257 instead 
of 5.0rper liter) posed an interesting biochemical 
question . Biotin is the only growth factor re-
quired by wild type Neurospora, and little is 
known of its function in the mold. Investigation 
of the relation of biotin to 1-oxidase formation 
might help to fill this gap. 
During the work on strain differences in 
L-oxidase production and on the "biotin effect" , 
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two additional problems of interest arose. The 
apparent adaptive formation of the L-oxidase under 
certain conditions was worthy of detailed considera-
tion. The formation of an adaptive enzyme in a 
genetically useful organism would be of value 
if the potentiality of adaptation were shown to 
be genetically controlled. The final project 
undertaken was an investigation of the possible 
role of the L-oxidase in the resistance to canava-
nine observed in certain wild type strains (2). 
The results of these studies and of subsequent 
investigation of various properties of the enzyme 
are presented. 
Several papers on the L-oxidase of Neuro-
snora have appeared or been prepared since the 
initial report by Bender, Krebs, and Horowitz (1). 
Bender and Krebs studied the substrate range of 
the enzyme using 38 synthetic amino acids, and 
showed it to be a general L-amino acid oxidase 
of wide specificity (3). In this paper, com-
parison was made with the D-amino acid oxidase of 
Neurospora (described in 1944 by Horowitz (4)), the L-
amino acid oxidase of cobra venom (5), and the D-amino 
acid oxidase of sheep kidney . These comparisons and 
the general subject of amino acid oxidases were reviewed 
recently by Krebs (6), as well as in an earlier review 
(7) . Two papers on the L-oxidase of Neurospora are in 
press at this writing. One, by the present author and 
Dr. N. H. Horowitz (8), presents some of the findings 
discussed in this thesis. Dr. K. Burton has kindly made 
available the manuscript of a similar paper on work done 
in Krebs' laboratory (9), in which many of the present 
findings are corroborated, and in some respects extended. 
Separate points of difference will be noted in the 
pertinent sections. 
II. Materials and Methods 
Strains Used 
The standard strains of Neurospora listed in 
Table I have been used in this work. Other cultures 
have included ascospore re-isolates from crosses of 
25a x 4A, and of 4A x 25Rll. The progeny of the first 
crosses have been designated 25Rl, 4Rl, etc., to denote 
which parent they most resemble in canavanine sensi-
tivity.; Cultures from the second cross are all desig-
nated llRl, 11R2, etc . , regardless of sensitivity. 
Crosses were made on Westergaard's medium (10) or on 
Bacto corn meal agar. 
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Table I 
Neurospora Strains Used 
Cultures maintained on agar slants of complete medium (11), 
except C83, which was on minimal medium supplemented 
with tryptophane. 
Strain Hequirement Furnished by 
4A Wild type Dr. N. H. Horowitz 
25a 
" 
,, 
lA ti tt 
12a t! 
" 
5297a ti 
" 
5256A ff tr 
Lindegren-a 
" " 
Sh-Abbot-A ft Dr. H. A. Krebs 
Sh-Abbot-a 
" " 
Sh-5256A 
" 
ff 
Sh-5297a 
" 
ti 
Sh-Lindegren-A " ti 
CMI 3411 II Dr. K. Burton 
44105-S 'l'hreonine, etc. Dr. H. Garner 
44105-R 
" 
ft 
37101 Lysine Mr. N. Good 
C-83A Tryptophane Dr. F. Haskins 
32213 Amino nitrogen Mrs. M. Mitchell 
68604 Methionine M.r. H. Gershowitz 
85518 Thiosulfate Dr. N. H. Horowitz 
Experimental Cultures 
Growth experiments were carried out with 125 
ml. Erlenmeyer flasks containing 20 ml. of liquid medium . 
Growth was measured by weighing pads after drying at 
900. Cultures to be used for the preparation of ex-
tracts were grown for 5-15 days in Fernbach flasks with 
200-500 ml. of medium, or in 750 ml. Erlenmeyer flasks 
with 200 ml. medium. To obtain enzyme from the medium, 
the mold was grown for at least 21 days in 200 ml. medium 
in Fernbach flasks. All media were sterilized by auto-
claving at 15 lbs. for 10 minutes. Experimental cultures 
were grown at 25°. Minimal and nitrogen-free minimal 
medium (K for NH4 tartrate; NH4N03 omitted) were used. 
(See Appendix). 
Enzzme Preparations 
1-amino acid oxidase activity has been studied 
in crude or partially purified cell-free extracts of 
mycelium, in the insoluble residue remaining after ex-
traction, and in the material precipitated from medium 
·with ammonium sulfate. In preparing extracts, the general 
procedure was that described by Horowitz (4), with varia-
tions as noted for the specific experiments. The mycelium 
was washed on a Buchner funnel and suction flask, then 
ground with sand and M/60 pyrophosphate buffer (pH 8.5) 
in a chilled mortar. The homogenate was centrifuged to 
remove sand and cell debris and 0.25 volume of M/5 buffer 
added to the supernatant. In most cases 2 ml. of M/60 
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buff er was used per gram fresh weight of mycelium. 
Such preparations will be called "crude extracts". 
For many of the experiments reported the protein of 
the supernatant was precipitated by the addition (in an 
ice bath) of solid or saturated (NH4)2S04 to give 0.8 
saturation. After centrifugation the precipitate was 
redissolved in buffer and used as such, or dialyzed . 
Crude extracts or redissolved salt precipitates were 
dialyzed against M/60 phosphate buffer (pH 6), usually 
overnight, and in the cold. Before use, 0.25 volume of 
M/5 buffer was added to dialyzed preparations. 
In a few cases, the insoluble material from the 
initial centrifugation of ground mycelium was used in 
determinations of enzymatic activity. It was prepared 
for use by washing in buffer on the centrifuge, the sand 
being removed by settling and decanting. The final, 
washed, sand-free precipitate was suspended in buffer 
and mixed well when used. 
L-oxidase activity in culture medium can be de-
termined on unconcentrated medium after filtration and 
buffering by the addition of 0.25 volume of M/5 buffer. 
The low activities of these dilute preparations made it 
necessary to concentrate the enzyme for most purposes. 
The clear, amber, filtered medium was chilled in an 
ice bath and solid (NH4)2S04 added to 0.8 saturation. 
The precipitate, containing the enzyme, was thrown down 
in the centrifuge and was resuspended in water (5 ml. 
6 
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for each 300 ml . of the original filtrate). Such prepara-
tions were used directly or after dialysis against phos-
phate (as with extracts). Concentrated enzyme preparations 
were stored at -200. Undialyzed preparations retained 
high activity for several months. After dialysis a 
noticeable decrease of activity occurred within a few 
weeks. This difference may be due to stabilization by 
(NH4)2S04, or to inactivation by phosphate (12). 
An enzyme powder has been prepared by freeze-
dry ing. Precipitated preparations from numerous lots of 
medium collected over a period of months were pooled 
and dialyzed before lyophilization. The resulting powder 
retained all the activity (on a dry weight basis) of the 
original solution. Stability should be comparable to 
that of acetone-precipitated and vacuum dried enzyme (9), 
which is said to lose no activity in six months at room 
temperature, in vacuo over H2S0 4 and solid NaOH. However, 
the catalase originally present was found to have largely 
deteriorated after two months, necessitating the use of 
added catalase to produce stoichiometric oxygen uptake 
(see below). 
Determinations of Enzyme Activity 
Quantitative determinations of enzyme activity 
were made in the Warburg apparatus at 300. Vessels of 
15-20 ml. total volume were used with a reaction volume 
of 2.25 or 2.50 ml . Alkali was added to the center well 
(0.2 ml. of 2N NaOH). The gas phase was oxygen, the 
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vessels being closed after running oxygen through for 
two minutes. After gassing, a 10 minute period was al-
lowed for thermal equilibration. When extracts were 
used, one or more readings were made before mixing. 
This was not necessary with enzyme from the medium which 
has no endogenous respiration. 
Preliminary estimates of enzyme activity were 
sometimes made by measuring keto-acid production by 
the colorimetric 2, 4-dinitrophenylhydrazine method of 
Friedemann and Haugen (13). Color of the final alkaline 
solution was estimated visually or measured on the Klett 
colorimeter. 
Enzyme activity has been expressed variously as 
p.1.02/hour/g. fresh mycelium, µ1.02/hour/mg. dry mycelium 
and )J.1.02/hour/mg. protein. The "fresh weight equivalent" 
(FWE) in g./ml. of extracts is taken as the ratio of the 
original fresh weight (after washing and drying on the 
Buchner funnel) to the final volume of extract as used. 
This is a somewhat inaccurate measure for purposes of 
comparison for two reasons. First, as a true measure 
of amount of mycelium, the fresh weight is unreliable. 
For example, the dry weight of a number of mycelia.l pads 
prepared by the same procedure has been from 14 to 37% 
of the fresh weight (mean 22!:5). In cases where the 
total yield of enzyme from a whole pad is calculated, 
this error is cancelled out. Another cause of error 
is the difficulty of obtaining in the final. extract 
9 
all the enzyme present in the original pad. Mechanical 
losses occur in the original precipitate, and on the con-
tainers used. Efforts have been made to minimize such 
losses, which are particularly significant with small 
pads. Comparison of activities on a wet weight basis 
is thus significant only for large differences, and 
for total yield of enzyme. 
The use of dry weight as the basis of enzyme 
activity eliminates the first objection. The dry weight/ 
wet weight ratio of a pad has been determined by weigh-
ing a small piece of the washed mycelial mat before and 
after drying at 900. The "dry weight equivalentn (DWE) 
in mg . /ml. is then calculated by dividing the total 
dry weight of the mycelium extracted (=wet weight x 
~ dry weight - weight of piece dried) by the final vol-100 
ume of extract. Activities expressed on this basis are 
considered to be sufficiently accurate for the work 
reported here. 
The third expression of activity based on protein 
content is most valuable for enzyme precipitated from 
culture medium. Protein was determined gravimetrically 
by the following steps: the solutions to be tested were 
transferred quantitatively to tubes, the pH adjusted to 
6, tubes immersed for three minutes in boiling water, 
chilled, centrifuged, and the precipitate washed with 
water on the centrifuge and dried in tared beakers. 
Protein in ex.tracts measured by this method ranged from 
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4 . 5 to 14 . 5% of the dry weight equivalent with a mean of 
9.0:tl.8% (33 determinations) . Activities of low biotin 
extracts expressed on this basis with leucine as substrate 
ranged from 1 . 8 to 5. 6pl./hour/mg . with values for ex-
tracts of adapted cultures going as high as 44 . 8 (leucine 
as substrate, pH 8) . Enzyme from medium gave values from 
245 to 375 with a mean of 320 , (leucine, pH 6), which 
can be extrapolated to give a mean Q02 of 720 at pH 8 . 
Chemical Preparations 
L- d.., Y - diamino-butyric acid was prepared from 
L- glutamic acid by the method of Adamson (14) . Six grams 
of NaN3 (incomplete amount) were added to 14 . 7 g. L-glu-
tamic acid in 30 ml . CHC13 and 50 ml . concentrated H2so4 • 
After cooling, neutralization to pH 3 with Ba(OH) 2 solution, 
filtration, and the addition to the filtrate of 33 g. 
picric acid in 700 ml. water, there was obtained 17 . 8 g. 
of L- ex ,-r -diamino-butyric acid dipicrate (31% yield; 
melting point, 176.5-178.50) . The dipicrate was dissolved 
in 190 ml . hot water and 100 ml. concentrated HCl added . 
After removal of picric acid by filtration, the filtrate 
was extracted with ether and ethyl acetate and concen-
trated over boiling water. The final precipitate was 
washed with absolute ethanol and ether and dried in vacuo . 
The white, crystalline product was not recrystallized, 
and appeared chromatographically pure . 
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Final product: L- rx,-i -diaminobutyric acid • 2HC1; 
4.6 g. (24% overal l yield) 
Melting point: 
Observed 205-6° (dee.) 
Literature 195-60 (dee.) 
202-40 (dee.) 
Nitrogen content: 
Found 
Calculated 
14.95%·* 
14.65% 
(Capillary tube) 
(14) 
(15) 
Casein hydrolysate was prepared by 19-21 hour 
hydrolysis with HCl. Two lots were prepared from 112 
and 200 gms. of Nutritional Biochemical Co. nvitamin-
testn casein. The casein was dissolved in 400 ml. water 
and 450 ml . concentrated HCl per 100 g. The solution 
was refluxed over a gas flame discontinuously for about 
20 hours. The hydrolysate was concentrated to a syrup 
in vacuo at a temperature below 600 and reconcentrated 
after the addition of 300 ml. water per 100 g. casein. 
The final syrup was diluted with water to 400 ml . per 
100 g. casein and the pH adjusted to 3 with solid NaOH . 
The solution was decolorized by t wo treatments with 
Norite (25g./100g. casein; 15 minutes stirring). The 
clear, colorless filtrate was diluted to give a 10% 
solution (based on original casein content), dispensed 
into screw-top 50 and 100 ml. bottles and autoclaved. 
Vij1en tested in biotin-free medium at concentrations 
~t- Analysis by Mr. G. A. Swinehart 
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from 0.5 to 2.5%, these preparations showed no biotin 
activity for growth of wild type 4A, in contrast to the 
apparent biotin activity of the casein hydrolysate used 
by Burton (9). 
All amino acids used were from commercial sources, 
except diamino-butyri c acid and the fo l lowing compounds 
furnished through the courtesy of the persons noted: 
L-Canavanine 
L-Cystathionine 
Dr. N. H. Horowitz 
Dr . N. H. Horowitz 
1- ~-Arnino-adipic acid Mr. N. Good 
DL- °" -Amino-E -hydroxy-caproic acid Mr. N. Good 
DL- (i(.-Amino--Y -hydroxy-butyric acid Dr . M. Fling 
III. Properties of the Enzyme and Kinetic Studies 
Reaction and Stoichiometry 
The enzyme has been sho~m to be a typical oxidative 
amino acid deaminase (7). Using 1-alanine as substrate, 
simultaneous determinations of oxygen consumption and 
of ammonia and pyruvate production were made. Ammonia 
was determined by nesslerization after distillation by 
the Conway-Byrne technique . Pyruvate was measured by 
the "direct methodfl of Friedemann and Haugen (13). The 
results are shown in Table II. In the overall reaction 
one atom of oxygen is consumed and one molecule each of 
ammonia and pyruvate are produced per molecule of alanine 
oxidized. As noted previously (1), the preparations 
contain catalase, so that hydrogen peroxide does not 
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Table II 
Oxidation of L-alanine--Stoichiometric Relations 
Each vessel contained 0.25 ml. M/30 L-alanine, 0.5 ml . 
1.5 ml. M/15 nhosnhate buffer. nR 6. dialvzed enzyme. and 
Vessel o2 consumed Pyruvate produced .Ammonia produced 
~ MM ..:L !!M @/p.llJI 0 2 .1...N ,gM µM/pM 02 
l 83 3.7 680 7.7 2.08 122 8.7 2.35 
2 92 4.1 750 8.5 2.07 118 8.4 2.04 
3 91 4.1 705 s.o 1.95 114 8.1 1.97 
Mean 2.03 2.12 
accumulate. That peroxide is produced, however, is in-
dicated by the fact that the addition of ethanol to the 
reaction mixture causes an increase in the oxygen uptake 
(16). In two such experiments, with L-leucine as sub-
strate, the oxygen uptake was respectively 1.33 and 1.64 
atoms per molecule oxidized. No oxidation of ethanol 
occurred in the absence of an amino acid substrate. 
Further evidence for the role of catalase was obtained 
with the use of iyophilized enzyme. Without the addition 
of catalase, oxygen uptake catalyzed by this preparation 
was 1.5 atoms per mole of substrate. When catalase* 
was added, oxygen uptake was 1.0 atom per mole. Deamina-
tion of canavanine was also shown to produce one mole of 
ammonia per atom of oxygen consumed. 
* Crystalline, Beef-liver Catalase, Worthington Biochemical 
Laboratory 
It is concluded that the reaction catalyzed by the 
Neurospor§ L-oxidase is that formulated for other amino 
acid oxidases (6). The prima.ry enzymatic reaction, 
13A 
is followed by a spontaneous decomposition of the imino-
acid to the keto-acid and ammonia, 
R - C:NH - COOH '- R20~ R - CO - COOR + NR3. 
In the presence of catalase the peroxide is removed, 
and, as indicated by the data, the overall reaction is: 
R - CIINH2 - COOR .i. 1/202 ~ .R - CO-COOR "° NH3. 
Enzyme and Substrate Concentration Effects 
The initial rate of oxidation is linear with 
respect to enzyme concentration (Fig. 1). 
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When the rate of oxidation is plotted against 
substrate concentration, an optimum concentration is 
observed (Fig. 2). A similar phenomenon has been reported 
for the L-amino acid oxidase of snake venoms (5, 17). 
Attempts to determine Michaelis constants from 
such data have been unsuccessful, quite discrepant values 
being obtained for three different experiments. Two 
graphical methods of calculation were used, based on 
Haldane's equations (18, p. 83) and the method of Line-
weaver and Burk, Case III (19). Both are based on the 
assumption of the formation of an inactive enzyme-sub-
strate complex by the combination of more than one sub-
strate molecule with each enzyme molecule (or site). 
Determinations of sufficient accuracy require several 
changes in procedure. Reaction rates, especially at low 
substrate concentrations where oxygen uptake is small, 
could better be measured by colorimetric or spectrometric 
determination of keto-acid formation. This would also 
eliminate any discrepancies in oxygen exchange produced 
by variations in catalase activity. For the methods of 
Lineweaver and Burk, higher and lower concentrations of 
substrate should be employed. The inhibition by excess 
substrate is not likely to be inhibition of catalase, 
since that would increase rather than lower the initial 
Ul 
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rates of ·oxygen uptake. Nor can this be a case of in-
hibition by product, since it is self-evident that the 
rate is lowest where the ru~ount of product is least. 
At substrate concentrations above the optimum, an in-
crease of rate often occurs during oxidation. The 
possibility suggested by Singer and Kearney (17), 
"that a competition may occur between substrate and 
o2 for the location where 02 combines, 11 should be con-
sidered too. 
Oxidation of Two Sub§trates Consecutivel.:t: 
Experiments in which a second lot of substrate 
is added after . completion of oxidation of a first lot 
have shown that keto-acids may be inhibitory under cer-
tain conditions (Table III). The apparent inactivation 
of the enzyme at pH 8.5 by histidine and canavanine 
(especially when followed by leucine), is suggestive 
17 
of inhibition by keto-acids. The absence of such an 
effect with leucine may indicate that keto-acids ner se 
are not inhibitory, but that the presence of an additional 
basic group makes them so. In similar experiments with 
consecutive lots of canavanine and of phenylalanine 
(pH 8.5), phenylalanine behaved similarly to leucine. 
No explanation can be offered at present for the apparent 
activation by histidine produced at pH 6. A similar 
phenomenon was noted by Edlbacher and Wiss with the 
D-amino ·acid oxidase of kidney (20). 
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Table III 
Activation and Inactivation of L-oxidase 
By First Lot of Substrate 
Second substrate added five minutes after completion 
of oxidation of first. Final concentration: first sub-
strate, M/270; second, M/300. Gas phase, 02 · Enzyme, 
0.25 ml . of dialyzed L-oxidase from medium . 
First Rate Second Rate % 
pH Substrate pl. 02/ hour Substrate pl. 02/hour change 
I . I . 
6 L-canavanine 43.7 1-canavanine 40 . 6 - 7 
L-leucine 33.8 L-leucine 45.0 ..t-33 
L-canavanine 42.0 II 31.9 -6~~ 
L- histidine 41. 3 L-histidine 65.2 ..t-58 
~-
- ·-
8 . 5 L- canavanine 54.6 L-canavanine 39 . 0 -29 
L-leucine 154.6 L-leucine 151.2 -2 
L-canavanine 58 . 0 If 67 . 6 -56-7<-
L-histidine 138.3 L-histidine 71.6 -48 
R-~-..~....., 
---·-... -------Compared to first lot of leucine. 
------------·---·---~---· ------.-·-- ---· --
-3{-
Substrate ComRet~tion 
The Neurosuora 1-oxidase resembles that of snake 
venom (5) in showing interference between t wo substrates 
added to the enzyme simultaneously. In Table IV are pre -
sented initial oxidation rates of a number of amino 
acids tested singly and in pairs. It is seen that the 
less rapidly oxidized amino acids inhibit the oxidation 
of the more rapidly oxidized ones. This result is most 
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Table IV 
Competition between Mixed Substrates 
02 con-
sumed in 
1st 10 Experi-
ment DH Substrate minutes 
1 7.6 M/300 DL-isovaline 1J4 0 
M/600 L-phenylalanine 42 
" 
.,.. M/24 DL-isovaline 30 
2 5.6 M/600 L-lysine 42 
Tl ~ M/24 DL-isovaline 19 
3 6.0 M/540 L-arginine 31* 
M/270 fl 20* 
M/540 L-lysine 30* 
M/270 
" 
15* 
M/540 ti ~ M/540 L-arginine 17* 
4 6 .0 M/665 1-canavanine 27 
ff + M/300 L-glutamate 21 
" 
+ JI L-aspartate 20 
ti + 
" 
L-methionine 10 
" + 
n L-lysine 
I 
5 
* 02 consumed in 20 minutes 
simply interpreted on the 'basis of competition between 
the substrates for the enzyme surface. It was previously 
demonstrated that isovaline ( o<-amino- o<. -methyl-g-butyric 
acid) competitively inhibits the oxidation of methionine 
by the D-amino acid oxidase of [eurospora (4). Competition 
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is also observed when amino acids are added to a crude 
mycelial extract containing the enzyme. This and other 
effects of the presence of amino acids in extracts will 
be discussed below. No kinetic studies on competition 
have been made, largely because of the complications 
introduced by the fact that an excess of a single sub-
strate is inhibitory. The kinetics of the simpler case 
should be worked out first, since the two types of in-
hibition are undoubtedly related. 
Oxygen Effect 
An increase in enzymatic activity of 3 to 5 fold 
(average 4.5) is observed when the tests are carried out 
in oxygen as compared to air (Table V). A similar effect 
has been reported for the L-amino acid oxidase of moc-
casin venom by Kearney and Singer (17). 
Table V 
Effect of Oxygen Concentration on 1-oxidase Activity 
Substrate Enzyme Activity (pl. 02) Ratio 
Air Oxygen Mins. o2/air 
L-canavanine Ppted. extract 8.2 45.2 5 5.5 
" 
Ppted. medium 13.4 63.2 20 4.7 
" 
ti 
" 
16.4 84.2 50 5.1 
L-phenylalanine 
" " 
18.0 68.l 50 3.9 
11 
" " 
13.8 60.6 20 4.4 
L-leucine 
" " 
16.8 68.4 170 4.1 
" " " 
9.5 38.9 170 4.1 
Mean 4.5 
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Effect of Qli on Activity 
The effect of pH on the activity of the oxidase 
was determined in the range pH 5.6 to pH 7.6, using 
phosphate buffers. Data obtained with 5 different sub-
strates are presented in Figure 3. In the case of orni-
thine, the oxidation rate is only slightly affected by 
pH changes in the range studied, whereas with glutamate 
an optimum occurs at pH 6.8. Oxidation of monoamino-
monocarboxylic acids is also strongly pH-dependent, with 
optima at pH 7.2 or higher. Esterification of the car-
boxyl group of histidine abolishes its reactivity (See 
Table VI). 
These results indicate that the state of ioniza-
tion of the substrate as well as the enzyme is important 
for activity . Additional data consistent with this idea 
have been obtained in subsequent experiments. A correla-
tion can be shown between activities at different pH's 
and the ionization constants (pK's) of the substrates 
involved. The most suggestive case, based on the data 
of Table VI, is given by comparison of the basic amino 
acids, histidine, canavanine, ornithine, and arginine . 
The activities of these amino acids at pH 6 (140, 125, 
106, and 56) are in reverse order to the basicity of the 
additional ionic group, of which the pKA values are 
6 . 0, 7.4, 10.8, and 12.5 respectively (21, 22). This 
would suggest that the reactivity of a basic amino acid 
is optimal when the ~-amino group is relatively more 
Figure 3 
160 / 
0 
120 
80 
40 
5.6 6.0 6.4 6 ~ 8 7.0 7.6 
pH 
Effect of pH on Activity 
Curve A, L-leucine; B, 1-phenylalanine; c, DL-ornithine; 
D, 1-methionine; E, L-glutamate. Dialyzed enzyme from medium. 
I nitial rates, expressed relative to L-leucine at pH as 100 . 
charged than the other basic group. 
An analogous situation might be expected to 
hold for the dicarboxylic amino acids with respect to 
the w-carboAryl group. However, the pK2 values of 3.65 
and 4.25 for aspartic and glutamic acids (21) and 4.21 
for ~-amino adipic acid (23) do not follow the pattern 
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of relative activity. It is likely that steric factors 
play an important part in this case, since the compounds 
are of different chain length. Similar considerations 
would seem to apply to the L- d..-w-diamino acids, although 
the titration constants of diamino-butyric acid are not 
available. (They are reported to be "of the same order" 
as those of lysine and ornithine (24).) 
Specificity of the Enzyme 
As noted previously (1, 3), the enzyme attacks 
only L-amino acids. In Table VI are shown the relative 
rates of oxidation of 33 amino acids by enzyme from medium, 
based on L-leucine as 100. Correction for the variation 
in absolute activity among different enzyme preparations 
was made by standardizing each preparation on L-leucine. 
The relative reactivities of the amino acids 
shown in Table VI differ somewhat from those reported 
by Bender and Krebs (3), particularly in the cases of 
histidine, lysine, and ornithine. These and other dif-
ferences are undoubtedly due, for the most part, to the 
fact that the present values were found at pH 6, whereas 
the Sheffield workers made their measurements at pH 8.4, 
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Table VI 
Rates of Oxidation of L-amino acids by Neurospora 1-0xidase 
All rates are expressed relative to L-leucine as 100. L-
isomer concentration M/270 in all cases except L-cystine 
M 540 • 0 en u take measured in first 10 minutes. H 6.~ 
Substra.te 
L-Histidine 
DL- o< -Amino-n-
butyri c acid 
L-Canavanine 
L-Tyrosine 
DL-Ornithine 
DL-Phenylalanine 
L-Leucine 
L-Phenylalanine 
DL- o< -Amino adipic 
acid** 
L-Cysteine 
L-Cystine 
DL- o< -Amino-n-
valeric acid 
DL-Citrulline 
L-Glutamine 
DL-Norleucine 
L-Cystathionine 
Relative Relative 
Activity Activity 
140 L-Methionine 53 
134 L-Tryptophane 43 
125 L-Lysine 40 
122* DL- o< -Amino- c. -hydroxy- 38 
n-caproic acid** 
106 L- cJ.. , rf -Diamino butyric 35 
acid 
106 L-Alanine 32 
100 1-Glutamic acid 24 
99 L-Valine 19 
96 DL-Isoleucine 18 
85 Glycine 0 
81 DL-Serine 0 
80 DL-Threonine 0 
79 L-Proline 0 
64 DL-Aspartic acid 0 
61 DL-Isovaline 0 
58 L-Histidine methyl ester 0 
L-Arginine 56 DL-Lactic acid 0 
* Includes tyrosinase activity see text • 
** Compound furnished through the courtesy of Mr. Norman 
Good. 
and used crude extracts. The basic amino acids are 
nearer their optima at the lower pH, while the reverse 
is true for monoaminomonocarboxylic acids. 
As observed above, the reaction consumes one 
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atom of oxygen per mole of substrate. The following 
exceptions to this rule were noted: tyrosine, glutamine, 
cystathionine, ornithine, and canavanine. (Because of 
their slow rates of reaction, the oxidations of glutamate, 
alanine, isoleucine, valine, and diamino-butyric acid 
were not run to completion.) Tyrosine consumes in excess 
of the theoretical value (> 1.8 atoms when the reaction 
was stopped), a fact also noted by Bender and Krebs (3). 
The solution turns red and then black in the course of 
the reaction, indicating the presence of tyrosinase in 
the enzyme preparation. Glutamine consumed only 0.83 atoms 
of oxygen, suggesting that the amide may have been par-
tially hydrolysed to the slow-reacting acid. 1-cysta-
thionine, containing two reactive amino groups, took 
up 1.3 atoms instead of the expected tvm atoms, while 
canavanine and ornithine consumed, in numerous trials, 
0.8-0.9 and 0.75-0.85 atoms, respectively. Incomplete 
oxidation (0.7 atoms) of ornithine was also obtained 
by Bender and Krebs. The following compounds were not 
attacked at a measurable rate: glycine, DL-serine, DL-
threonine, L-proline, 1-aspartate, DL-isovaline ( G( -
amino- IX -methyl-n-butyric acid), DL-lactate, and L-
histidine methyl ester. 
Physical State 
The Neurospora L-amino acid oxidase is extract-
able and soluble in M/60 phosphate (pH 6) and M/60 pyro-
phosphate (pH 8-8.5), the only solutions tried. It is 
also soluble in culture medium, being found there after 
protracted growth. The site of the activity observed in 
the residue remaining after extraction is not definitely 
known. Since such residues contain unbroken cells, cell 
debris , nuclear material and the larger, intracellular 
particles, it cannot be said whether the enzyme exists 
in a particle bound state in the cell and is only par-
tially solubilized during extraction, or is soluble 
but incompletely extracted . The necessity for devising 
improved methods of grinding mold mycelium is apparent . 
Until such methods are available, caution must be used 
in interpreting enzymatic data obtained with extracts 
in terms of the total activity of the mycelium . A method 
of possible application is the "fly- presstt (i . e . , drill 
press) technique of Hughes (25) , which is reported to 
give Neurospora homogenates with ttalmost complete disap-
pearance of discrete mycelia." 
Extracellular Occurrence 
The L-oxidase is found in culture medium in a 
soluble form after extended growth periods . Whether 
this represents active secretion or passive release 
into the medium can be considered only indirectly with 
the data at hand . Several observations point to an 
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autolytic mechanism, despite the objections of Krebs (6). 
With the strains used in the present studies, it has always 
been necessary to grow the cultures for nearly three weeks 
before any L-oxidase activity was detectable in the medium. 
Growth curves of strains 25a and 4A on both high and low 
biotin medium show rapidly increasing growth up to 3 days 
after inoculation with a continued, slow increase up to 
9 days. After 10-11 days, a marked decline in dry weight 
occur.s, the dry weights after 15 days being 66 to 83% of 
the maximum reached. Similar observations have been ma.de 
previously (E.g., Horowitz, 26). 
A significant amount of autolysis does not seem 
to occur until after 10 days growth (in 20 ml. medium in 
125 ml. Erlenmeyer flasks). Some difference might be ex-
pected when the mold is grown on other volumes of media 
and with different area:depth ratios, although the con-
centration of all added constitutents is the same. The 
data of Burton (9) differ in that he found measurable 
amounts of L-oxidase in the medium at 4-5 days growth 
when the dry weight was probably still increasing. How-
ever, his use of strain CMI 3411, which will be seen 
below to be different from most others in several respects, 
grovm in shallow medium (l cm.) may produce the difference. 
That the volume-surface-depth relations affect the release 
of the enzyme has been suggested during the preparation 
of enzyme from various lots of medium. The larger the 
volume of medium and the greater its depth, the less 
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enzyme seems to be released in a comparable growth period . 
In very shallow medium the enzyme is found after shorter 
periods of growth. How closely such results correlate 
with the extent of autolysis has not been determined . 
· In conclusion, it can only be said that it is possible 
that the L-oxidase occurs in low biotin medium as a re-
sult of autolytic action. 
Stability of the Enzyme 
Only incidental observations have been made on 
factors affecting the stability of the L-oxidase. They 
will be summarized briefly. The L-oxidase is stable at 
-200, is not impaired by freeze-drying, ammonium sulfate 
or ethanol precipitation, or 24 hour dialysis. It is 
partially destroyed by precipitation and drying with 
acetone. It is inactivated by heating to 700 at pH's 
6 and 8.5, even in the presence of 1-leucine (3.7 x io-3M) . 
Burton found that leucine (5 x io-3M) protects the enzyme 
against heat inactivation at 550 and pH 6 (9). The 
L-oxidase does not seem to be affected by phosphate 
buffer as is the similar enzyme of snake venom (12). 
L-oxidase precipitated from medium dissolved in water 
without dialysis was tested in two buffers at two pH ' s 
(Table VII). The enzyme was in the main well, i. e., 
dissolved in the buffer, during gassing and equilibration 
to maximize any possible effect. No difference was 
noted between activity in phosphate or maleic acid-tris 
(hydroxymethyl)-aminomethane (27) at pH 6, nor between 
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Table VII 
L-oxidase Activity in Phosphate and Non-phosphate Buffers 
2.0 ml. buffer, 0.25 ml. M/30 L-leucine, 0.25 ml. 
enzyme precipitated from medium. 
Buffer Final concentration 
Phosphate 0.053 M. 
Maleic-THAM* 0.080 M. 
Pyrophosphate 0.032 M. 
THAM-HCl 0.040 M. 
* 
Tris(hydroxymethyl)-aminomethane 
pH 
6.0 
6.0 
8.0 
8.0 
Oxygen uptake 
in 15 mins. 
1. 
21.4 
20.6 
46.2 
44.3 
pyrophosphate or tris(hydroxymethyl)-aminomethane (28) at 
pH 8. However, as noted above, precipitated enzyme loses 
activity in the frozen state more rapidly after dialysis 
against phosphate buffer (pH 6). 
Prosthetic Group 
No extended attempts to identify the prosthetic 
group of the L-amino acid oxidase were made by the present 
author. It was found, however, that the acid-ammonium 
sulfate method employed by Warburg and Christian for re-
solution of kidney D-amino acid oxidase (29) destroyed 
the activity of the Neurospora L-oxidase. Reconstitution 
was not effected by the addition of boiled enzyme. 
Burton presents conclusive evidence that flavin-adenine-
dinucleotide is the prosthetic group (9). 
IV. The Mechanism of The Biotin Effect 
The Effect of Low Biotin 
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When an L-amino acid is added to a crude extract 
of Neurospora mycelium grown on medium containing biotin 
at 0.251' /liter (1/20 of the amount normally used), an 
increase of oxygen uptake is observed. The total increase, 
if incubation is continued, represents the uptake of one 
atom of oxygen per mole of L-amino acid added. With a 
crude extract from mycelium grown on the standard con-
centration of biotin (5.07 /liter), no increased uptake 
is noted, even after prolonged incubation (Table VIII). 
The increased uptake by low biotin extracts was shown 
(1) to be due to the presence of the L-amino acid oxidase 
in soluble form. When high biotin extracts are dialyzed 
or precipitated with ammonium sulfate, L-oxidase activity 
is observed, but there is only 0.1 to 0.25 as much as 
in a low biotin extract (Table VIII). The increased 
activity due to growth on low biotin is also demonstrated 
by the occurrence of the enzyme in the culture medium 
under conditions of biotin limitation only (1). 
Biotin has been found , to have a particularly close 
relationship with the formation of the L-amino acid oxi-
dase. The effect of the reduction of biotin level in 
the medium is not reproduced consistently by any other 
modification of cultural conditions yet tried. The 
relationship of biotin to formation of the 1-oxidase 
in minimal medium will be considered in the subsequent 
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Table VIII 
L-oxidase Activity of High and Low Biotin Extracts 
Crude extracts--strain 4.A, six day cultures . Dialyzed 
and precipitated extracts--strain 25RlO, seven day cultures . 
Substrate, M./270 L-leucine. Theoretical oxygen uptake--
93 1 t t• ft . i U. • = 1me a er m1x ne: • 
Total oxygen uptake (µl.) 
Type of t High biotin Low biotin 
Extract (Mins .) 
Endog. t-Leu- 6 Endog. .,.Leu-cine cine 
Crude 10 
- - -
12 15 
60 12 15 3 60 103 
120 26 30 4 83 171 
170 33 39 6 100 196 
Ppted. 15 
- - -
0 12 
45 1 8 7 4 47 
85 3 21 18 10 98 
135 7 37 30 15 111 
Dialyzed 10 1 '-" 2 2 18 ...,
35 9 20 11 10 89 
85 19 51 32 23 118 
115 27 76 49 33 129 
parts of this section. Other important evidence will be 
presented in the discussion of the adaptive formation of 
the enzyme. 
.6 
3 
43 
88 
96 
12 
43 
88 
96 
16 
79 
95 
96 
Several approaches to a study of the mechanism 
by which 1-oxidase activity of mycelium is increased by 
the limitation of biotin have been considered. One of 
the first was the observation (1) that certain strains 
did not show a biotin effect. After exploration of this 
possibility, work was continued on possible biochemical 
relations between biotin and the enzyme. 
Strain Differences in Response to LQw Biotin 
The results of Bender et al. (1) indicated that 
under identical conditions some wild type strains of 
Neurospora produce only a D-amino acid oxidase (4) , 
some only an L-amino acid oxidase, while others form 
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both enzymes . Further investigation, described below, has 
shovm that while quantitative differences probably exist 
among the strains with respect to production of the 
enzymes, there is no absolute difference among them, and 
both oxidases can be demonstrated in every strain tested . 
Crude extracts of Neurospora cultured in a low 
biotin medium show a high background rate of oxidation 
as compared to extracts prepared from cultures grown in 
the standard medium (Cf. Table VIII). This oxidation 
may remain constant in rate for periods of time varying 
from a few minutes to several hours before it diminishes . 
If an L-amino acid is added during the constant period, 
no increase in the rate of oxidation is observed, but 
the decline in rate is postponed . If, however, the back-
ground rate is allowed to fall off somewhat before the 
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amino acid is added, then an immediate increase in oxygen 
uptake is obtained (Fig. 4). In either case, an extra 
quantity of oxygen is consumed equivalent to the substrate 
added. These results suggested that the background oxygen 
consumption of the extracts is due chiefly to the oxidation 
of endogenous L-amino acids which, at the outset, saturate 
the system so that further addition of L-amino acids is 
without effect on the oxidation rate. This conclusion 
is supported by the following evidence: 1. Neurosnora 
extracts contain 8 to 35 micromoles of free amino acids 
per gram of fresh mycelium, as determined by the colori-
metric ninhydrin method (30). Amino acids attacked by 
the L-oxidase constitute 40 to 80% of the total. The 
presence of alanine, methionine (or valine), the leucines 
(or phenylalanine), and others has been demonstrated by 
paper chromatography. (See also Fling and Horowitz (31).) 
2. Extracts which have been purified by ammonium sulfate 
precipitation or dialysis show immediate oxidation of 
added L-amino acids with little or no background oxygen 
consumption (See Table VIII). 3. If, to a boiled low 
biotin extract, some highly active L-oxidase precipitated 
from the culture medium is added, a quantity of oxygen 
is consumed which ' approximates that consumed by the crude 
unboiled extract. 4. The addition of a D-amino acid to 
crude extracts during the constant phase of the endogenous 
respiration results in an immediate increase in the oxida-
tion rate (Fig. 4). 
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Crude Low Biotin Extract; L- and D-oxidase Activity 
Added: Curve A, 0.25 ml. M/30 D-methionine, at zero time; 
Curve B, 0.25 ml. M/30 L-phenylalanine, at zero time;. Curve c, 
0.25 ml. M/30 L-phenylalanine, at 132 minutes (arrow); Curve 
D, 0.25 ml. H20, at zero time. pH 8. 
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With the above facts in mind, a reinvestigation 
was made of strains which, on the basis of the earlier 
tests, had appeared to be devoid of the L-oxidase. In 
every case it was found that the enzyme is easily demon-
strated after the background oxidation enters the diminish-
ing phase. At the same time , it was found that the enzyme 
could be detected in the medium (low biotin) of all tested 
strains if the enzyme is concentrated by precipitation 
and resuspension in a smaller volume as described above. 
Effect of Biot~n on L- oxidase Activity in vitro 
The possibility that biotin might be an inhibitor 
of I,-oxidase activity, was first considered as an explana-
tion of the biotin effect . Biotin was added to an aliquot 
of a low biotin extract, and its effect on endogenous 
respiration and oxidation of an added substrate determined . 
The background respiration, itself a measure of L-oxidase 
activity (See. below), was slightly increased, as was the 
oxygen uptake with added phenylalanine (Table IX) . It 
is apparent that biotin in not inhibitory to L-oxidase 
activity in vitro. Other tests for inhibitors of the 
enzyme will be considered later. 
Extractabilit;y__of the Enzyme 
The effect of the lowered biotin content of 
medium might be to increase the solubility of the L-
oxidase without affecting the total L- oxidase activity 
of the mycelium . It has been shown that there is an 
increased total production of L- oxidase on low biotin 
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Table IX 
Effect of Biotin on L-oxidase Activity in Vitro 
Crude extract of Sh- Abbot-a, grown 8 days in low biotin 
minimal . Biotin added (0 .1 ~/vessel) to extract before 
eqilibration. t:time after addition of substrate (0.25 ml . 
M/30 L- phenylalanine). 
-
-- - . -
Total oxygen uptake (pl.) 
t Endogenous .,.Phenylalanine Excess 
(hrs.) Control .,.biotin Control .,.biotin Control .,.biotin 
-
l 141 134 123 114 -18 -19 
2 302 311 320 307 18 -4 
3 361 380 440 448 79 68 
medium. If the greater L-oxidase activity of low biotin 
extracts were due to increased solubility of the enzyme , 
the residues remaining after extraction of high and low 
biotin pads would be expected to show a difference in 
L- oxidase activity opposite to that observed with cor-
responding extracts. Washed residues of high and low 
biotin mycelium were tested for L-oxidase activity . With 
L-phenylalanine as substrate , the high biotin residue 
catalyzed the uptake of oxygen at the rate of 0 . 1 pl . /hr . / 
mg . dry material, while the rate for the corresponding 
low biotin residue was 0 . 8 µl./hr . /mg . (Rates are uncor-
rected for slight endogenous respirati on . ) Since the 
L-oxidase activity of the insoluble mycelial material 
is increased by lowered biotin by the same factor as 
is the activity of extracts, it is obvious that the 
total activity of the mycelium is increased by a similar 
factor. The effects noted with extracts are not due to 
a change in the solubility of the enzyme. 
Biotin and Growth 
It was of interest to determine whether growth 
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of the mold is actually limited by biotin in the low 
biotin medium. Growth of wild type strain 8a was there-
fore determined as a function of the biotin concentration, 
growth being measured after 72 hours at 250 (Fig. 5). 
It was found that the growth curve rises steeply as the 
biotin concentration increases, reaching a plateau in 
the neighborhood of 0.5~biotin/liter. Beyond this point, 
further addition of biotin up to at least 2 i /liter had 
no effect on growth. .At a concentration of 0.257 /liter 
(the concentration of biotin in the "low biotin" medium) 
growth was 85 % of maximal. In experiments with other 
strains in which growth at a biotin concentration of 
0. 25 7 /liter was compared with that at 5 i' /liter, it 
was found that growth is frequently maximal at the lower 
concentration, even for growth periods as long as 2 weeks. 
It is concluded that 0.257 biotin/liter is neither much 
in excess of the requirement for normal growth, nor is 
it seriously limiting. It can be described as marginal. 
This is in essential agreement with previous work on the 
biotin requirement of Neurospora by Ryan, Beadle, and 
Tatum (32) and by Hodson (33). The above results indicate 
that increased L-oxidase production cannot be ascribed 
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to reduced growth. Further evidence has been obtained to 
support this view. If the biotin effect were wholly non-
specific and merely the result of limited growth, it would 
be expected that L-oxidase production would be increased 
when growth is limited by other conditions than biotin level. 
A mutant, No. 85518, which is unable to reduce sulfate, but 
which grows readily when supplied with thiosulfate, was 
grown on super-optimal and limiting concentrations of thio-
sulfate (1.5 and 0.75 x io-4M) for seven days. Growth at 
the lower concentration was 60% of that produced with excess 
thiosulfate. No difference in background respiration was 
observed with crude extracts of these cultures, nor was 
there any measurable L-oxidase activity in either. Burton 
reports a loss of 72% in total L-oxidase activity in inosi-
tol-less strain CMI 17836 when grown on a concentration of 
inositol which limited growth to 60%. Activity was reduced 
85% when growth of a wild type was limited to 80% by the omis-
sion of iron. It can thus be stated that limitation of growth, 
per se, is not sufficient to increase 1-oxidase activity. 
Nitrogen Limitation 
The next possibility was suggested by the work 
of Winzler, Burk and du Vigneaud (34) which showed that 
biotin was required for the uptake of ammonia by yeast 
cells. If the same relationship existed in Neurospora, 
it might be presumed that nitrogen limitation would have 
the same effect as biotin limitation. That is, L- oxidase 
production may be increased when biotin is limited because 
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of an impairment of ammonia uptake. Therefore, a decrease 
of available ammonia in the presence of excess biotin might 
give the same result. 
A limiting concentration of ammonia was determined 
from growth experiments (Fig. 6). About 50 mg. N/liter 
is the concentration at which the growth curve begins to 
level off. (This agrees with the figure given the author 
by B. S. Strauss and used as the basis for the earlier 
experiments.) Enzyme determinations have been done with 
cultures gro~n on nitrogen concentrations of 53, 105, 525, 
and 1110 mg. N/liter supplied as ammonium sulfate or 
chloride, and with biotin at 5 7' /liter. The first experi-
ments with the lowest concentration seemed to shovv an 
increase in L-oxidase. There was measurable oxygen up-
take due to the addition of substrate to crude extracts, 
which was never observed with similar preparations grown 
on minimal medium. More rigorously performed experiments 
have shown however that such a response is not typical 
(Table X), though other cases of apparent increase in 
L-oxidase activity due to nitrogen limitation have been 
observed. In none of the positive results is the magni-
tude of the effect comparable to that obtained by biotin 
limitation. In fact, the most nearly reproducible 
response to the limitation of nitrogen supply in these 
and other experiments is a decrease in L-oxidase activity. 
The data suggest, however, that other variables have an 
effect on the activity observed, one being the increase 
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Table X 
Effect of Ammonium Level on L-oxidase Activity in Extracts 
. Nitrogen-free minimal with added {NH4}2S04. 
Culture Growth 
Exp't Cone. of N volume Age (mg. Activity 
No. mg./l. (ml.) (days) dry) µl. 02/hour/mg. DWE 
1 1055 200* 7 315 0.09 
525 
" 
11 290 0.17 
105 
" " 
275 0.07 
53 " " 300 0.07 
2 1110 400** 6 770 0.10 
525 
" " 
755 0.10 
1110 200-:H<- ti 580 0.40 
525 II 
" 
540 0.15 
3 1110 500** 15 725 0.99 
53 II ti 605 0.31 
1110 200-lH(-
" 
295 1.13 
53 
" 
ti 290 0.15 
4 1110-~~-* 200-* 10 235 1.28 
53**-~ ff ti 255 0.41 
53 " " 265 0.04 
-* In 750 ml. Erlenmeyer flask. Depth of medium, 2 cm. 
** In Fernbach flask. Depths: 200 ml., 1 cm.; 400 ml., 1.8 
cm.; 500 ml., 2 cm. 
*** Low biotin; all others high biotin! 
produced on shallow medium (Experiment 2) . The high 
activities found in Experiments 3 and 4 seem to be due 
to the age of the culture, since it has been found in 
other experiments that appreciable amounts of 1-oxidase 
are eventually formed on a high biotin medium . The 
final experiment shows a 3 fold reduction of activity 
by nitrogen limitation in low biotin culture . However, 
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a 10 fold difference was found between high and low biotin 
cultures both grown on limiting nitrogen . 
It is apparent that nitrogen limitation is not 
equivalent to biotin limitation in terms of the production 
of the 1- amino acid oxidase . 
Aspartic Acid 
One other way in which biotin and nitrogen metab-
olism are known to be related is in the synthesis of 
aspartic acid . 
In many bacteria , aspartic acid exerts a sparing 
action on the amount of biotin required for optimum 
growth . Other wor k has shown the need for biotin in 
fixing C02 into oxalacetic acid (Reviewed in (35) ) . 
Hodson (36) tested the ability of aspartic acid to replace 
biotin for Neurospora or to increase growth in the presence 
of biotin . No significant effect was found . The effect 
of aspartic acid on production of the 1-oxidase in low 
biotin medium has been tested (Table XI) . Amounts used 
exceed those needed for replacement of biotin for bacteria . 
No decrease of 1- oxidase activity was produced, and there 
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Table XI 
L-oxidase Activity of Mycelium Grown on Low Biotin Minimal 
plus Aspartic Acid 
Activity Yield 
Supplement Growth pl . 02/hr . /mg . DV\JE µ1 . o2/hr . /pad 
None 315 0 . 31 98 
1-aspartate 125 mg . /l . 315 0 . 41 129 
II 250 II 400 0.33 132 
II 500 fl 410 0 . 49 201 
is a sl ight increase at higher levels of aspartic acid . 
A decrease would be expected if biotin limitation produced 
an aspartic acid deficiency which in turn led to an increase 
of the L- oxidase . The increase in growth at the higher 
level s may be significant, although many amino acids , when 
added to minimal medium, increase the growth of wild type 
strains . 
Biotin and Riboflavin Metabolism 
The effect of biotin on riboflavin metabolism 
was considered next on the hypothesis that biotin might 
function in a system which led to the destruction of 
riboflavin . Pads grovm on high biotin might l~ck sufficient 
riboflavin for the production of the prosthetic group of 
the enzyme . The situation looked for would be analogous 
to that found by Bhagvat and Devi (37) in the rat , in 
which biotin deficiency increases the riboflavin content 
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of liver. Accordingly, the effect on L-oxidase production 
of large amounts (2-10 mg./liter) of riboflavin in high 
biotin medium was tested. Extracts of mycelia grown in 
such media showed no measurable L-oxidase, nor any signi-
ficant increase in background respiration, a characteristic 
of low biotin extracts. Nor did the addition of riboflavin 
to high biotin extracts (10 'i /2ml.) alter the oxygen uptake 
significantly. Addition of riboflavin to high biotin 
medium did not cause the production of L-oxidase in the 
medium after 21 days growth, nor did its addition to low 
biotin medium increase the amount of enzyme produced. 
Fluorometric measurement of riboflavin containing media, 
on which the mold had grown for various periods of time 
up to six days, indicated that there are no appreciable 
differences in riboflavin uptake on high and low biotin. 
Biotin and D-oxidase Activity 
Also considered in this connection has been the 
possibility of a relationship between the D-amino acid 
oxidase and the L-oxidase. Unfortunately, time has pre-
vented a full exploration of this problem. In four dif-
ferent experiments the D-oxidase activity of pads grown 
on low biotin minimal medium was 38 to 77% of the activity 
found in corresponding pads grown on high biotin. The 
average activity was 55%, or a reduction of 45% due to 
limitation of biotin. If the initial endogenous respira-
tion of these same extracts is taken as a measure of L-
oxidase activity, the average L-oxidase activity in the 
low biotin extracts was 8 times that of the high biotin 
extracts . The magnitude of the difference is probably 
even greater , since the estimates of oxidase activity 
were made with crude extracts . (It was necessary to use 
crude extracts , since it has been found that D-oxidase 
activity is lost completely when extracts are dialyzed, 
stored in the cold overnight , or precipitated with 0 . 8 
saturated ammonium sulfate . The D-oxidase activity of 
a precipitated extract was not restored upon the addition 
of a boiled aliquot of the original crude extract or of 
a boiled L- oxidas,e preparation . Immersion for thr ee 
minutes in boiling water, as done here, is sufficient to 
release FAD from the L- oxidase (9) . ) 
An L-oxidase Inhibj tor 
The possible formation of an inhibitor of the 
L- oxidase as a direct function of biotin concentration 
was considered in some detail . If similar amounts of 
enzyme are formed on high or low biotin, the low activity 
in extracts of high biotin cultures could be due to the 
presence of an inhibitor . Such an inhibitor has been 
" 
tes t ed for in several ways . As noted above, biotin has 
no inhi bitory effect on L-oxidase activity in vitro . 
After dialysis or ammonium sulfate precipitation 
a high biotin extract is still many times less active 
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than a low biotin extract (See Table VIII) . This elimi-
nates the possibility of a low molecular weight dissociable 
inhibitor , which should be removed f rom the extract by 
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either procedure. The results of a test for a heat stable 
inhibitor are presented in Figure 7. In this experiment, 
lyophilized L-oxiclase from the medium was added to crude, 
boiled, high biotin extract with and without the addition 
of leucine. The resulting curves of oxygen uptake are 
seen to be very similar to those obtained in a crude low 
biotin extract (Cf. Fig. 4). The "background", due to 
amino acids in the boiled extract, rises rapidly at first, 
then gradually falls off. The oxidation of "exogenous" 
substrate is not discernible until the "background" begins 
to decline. Without extract the oxidation of leucine 
by the same amount of lyophilized enzyme proceeds more 
rapidly, which can be attributed to the absence of com-
peting substrates, as with dialyzed low biotin extracts. 
It is concluded that there is no heat-stable inhibitor 
of L-oxidase activity in high biotin extracts. 
The results of experiments testing for the presence 
of a heat-labile inhibitor in a high biotin extract are 
shown in Figure 8. Two types of tests were made. In one, 
lyophilized L-oxidase was added to a crude high biotin 
extract. This resulted in an immediate increase in 
oxygen uptake. The increase was 2.1 fold in 1 hour and 
2.7 fold after 3 3/4 hours. The rate was unchanged at 
the end of the run and another flask with leucine added 
showed no excess oxygen uptake. A final test for a heat-
labile, non-dialyzable, inhibitor was performed with two 
dialyzed extracts from pads grown on casein hydrolysate 
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Test for Inhibitor in Crude Extract 
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Curve A, crude high biotin extract ~ 2 mg. lyophilized 
4 
L-oxidase; Curve B, crude extract alone. No added substrate. 
Extract of 6 day culture of 4A. 
as sole nitrogen source with biotin at 5.0 and 0.5 ...Y/ 
liter. The activity of the high biotin extract was 1/100 
that of the low biotin extract. One ml. of the high 
biotin extract was added to one ml. of the low biotin 
extract one half-hour before the addition of the sub-
strate. The rate of oxidation of the substrate (L-leu-
cine) was not more than 15% lower for the mixed extracts 
than it was for the low biotin extract alone (Figure 9). 
It is concluded that there is little evidence 
for an L-oxidase inhibitor in high biotin extracts. The 
possibility that a firmly bound inhibitor is present 
still exists. 
V. Adaptive Formation of the L-amino Acid Oxidase 
It has been shown that the effect of biotin on 
production of the L-oxidase is not mediated through: 
(1) a general effect on growth; (2) lowered ammonia 
assimilation; (3) impaired aspartic acid or riboflavin 
metabolism; or (4) the formation of a readily detectable 
inhibitor of L-oxidase activity. As will now be shown, 
a clue to the mechanism of the biotin effect has been 
found in the adaptive formation of the enzyme, and in 
the relation of biotin to this phenomenon. 
Preliminary Observations 
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When wild type Neurospora is grown on hydrolyzed 
casein as a sole nitrogen source, the L-oxidase activity 
measured in an extract of the culture is greatly increased 
Figure 9 51 
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Substrate, M/270 L-leucine; pH 8. Curve A, 1 ml. active 
extract ~ 1 ml. buffer; Curve B, 1 ml. active extract ~ 1 ml 9 
inactive extract. (See text for details.) Strain 4A. 
over that of a corresponding culture grown on minimal 
medium (Table XII). The effect is noted when the two 
cultures used have been grown on high or on low biotin. 
When a culture is grown on low biotin and casein hydroly-
sate, the effects of low biotin and of casein on pro-
duction of the enzyme are synergistic. 
Table XII 
Adaptive Formation of the L-amino Acid Oxidase 
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Strain 4A, grown six days on 200 ml. medium in Fernbach 
flasks. Dialyzed extracts. Minimal medium and nitrogen-free 
minimal medium plus 1% casein hydrolysate. Substrate, L-
leucine. 
L-oxidase activity 
Medium Biotin Growth µl. 02/hour/ Rel a- L-oxidase 
-f /l. mg. dry mg. DWE tive yield/pad 
-
Minimal 5.0 1710 0.02 1.0 34 
ti 0.25 945 0.17 8.5 161 
Cas . hydr. 5.0 1430 0.19 9.5 272 
ti 0.25 1250 2.28 114.0 2845 
Criteria of Enzymatic Adaptation 
The increase of L-oxidase activity produced by the 
presence of exogenous amino acids appears to be the same 
type of effect observed in adaptive enzyme formation in 
other micro-organisms . Just as with yeast or bacteria, 
however, the same result could be produced by the selection, 
during adaptation, of a mutant with inherently high L-
oxidase activity. To discriminate between the latter 
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possibility (cultural adaptation) and enzymatic adaptation 
(an actual incr·ease of enzyme content in cells of unchanged 
genotype), various experiments can be performed (38, 39). 
One, the Luria-Delbruck variance analysis (40), is not 
readily applicable to Neurospora because of the mold's 
habit of growth. In many cases, an adequate demonstration 
of enzymatic adaptation can be made by showing increased 
formation of the enzyme in the total or virtual absence 
of growth of the adapting culture. The opposite effect, 
loss of the enzyme from an adapted culture upon removal 
of the adaptive substrate, can be taken as evidence for 
enzymatic adaptation if proper precautions are taken. 
If growth occurs during deadaptation, it must be shown 
that the loss of activity is not merely due to dilution 
of the enzyme: if the adapted culture consisted of highly 
active mutant cells which had been selected for during 
adaptation, deadaptation might consist of the selection 
of wild type cells of low activity. Growth of these wild 
type cells would dilute the enzyme, producing a decrease 
of activity per unit weight of culture. 
In addition to these microbiological criteria, 
certain enzymological conditions must be fulfiiled before 
a specific case can be termed enzymatic adaptation. It 
must be demonstrated that an actual increase of enzymatically 
active protein has been produced during adaptation. This 
can best be demonstrated by the use of cell-free preparations 
in determining enzyme activity. In addition, the adaptive 
process must be shown to be substrate-specific, that is, 
elicited only by compounds which are substrates of the 
enzyme involved. 
The experimental results presented below meet 
enough of these criteria to show that the 1-amino acid 
oxidase may be regarded as an adaptive enzyme. In addi-
tion, the effects of certain cultural factors on the 
adaptive response are described. 
Deadaptation 
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The most clearcut evidence that the increased 
L-oxidase activity of mycelium grovm. on amino acids repre-
sents enzymatic adaptation is given by deadaptation experi-
ments. To obtain as high an initial activity as possible, 
cultures to be tested were adapted on low biotin-casein 
hydrolysate medium (See Table XII). Deadaptation has 
been induced in this type of culture in two ways: (1) 
by the usual method of deadaptation, removal of the adap-
tive substrate; and (2) by the addition of an excess of 
biotin to an adapted culture (Table XIII). · There is 
significant deadaptation in both cases, as shown by the 
72 and 55% reductions of specific activity (Experiment 1). 
There is also a great net decrease in the total activity 
of a deadapted culture. 
The decrease in total activity is conclusive evi-
dence for the absence of selection. This effect could 
not be produced by selection and growth of an enzyme-free 
wild type, and dilution of the enzyme already formed. 
Table XIII 
Deadaptation by Removal of Amino Acids 
and by Addition of Biotin 
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Cultures of 4A grown on 200 ml. low biotin nitrogen-free 
minimal plus 1% casein hydrolysate. Biotin addition: l.Y 
biotin added to culture. Nitrogen source change: medium de-
canted and replaced vdth 200 ml. low biotin minimal. Assayed 
after six days total growth, extracts dialyzed. Substrate, 
L-leucine. 
Culture age Activity 
Yield/ Exptt Change at change of Growth J-11.02/hour/mg. 
No. medium mg. dry DWE pad 
1 None* 
-
365 2.38 865 
None 
-
385 2.32 895 
Biotin 4 500 0.66 330 
Minimal 4 475 1.06 510 
2 None 
-
605 1.31 795 
Biotin 5 620 0.74 455 
ft 4 660 0.42 280 
* Assayed after four days. 
Even if the deadaptation consisted of the complete cessa-
tion of growth of a mutant of high activity and selection 
and subsequent growth of a wild type with zero activity, 
the total activity of a de.adapted culture should still be 
865 ul. o2/hour/pad. The specific activities of the de-
adapted cultures would then be 1.73 and 1.82 respectively, 
instead of the observed values of 0.66 and 1.06. Experi-
ment 2, and others not reported, confirm the deadaptive 
effect of excess biotin. 
Deadaptation is seen to be explained by the loss 
of enzyme already formed. It cannot be due simply to the 
action of selective forces on genetically different forms 
of high and low 1-oxidase activity. As an extension of 
this conclusion, it is apparent that adapted cultures do 
not consist of mutant cells of inherently high 1-oxidase 
activity. 
Short-term Adaptation without Growth 
A more direct means of ruling out the possibility 
of selection of a mutant during the process of adapta-
tion is the demonstration of adaptation in the absence 
of growth. This has been done in the present case. 
Three cultures of wild type 4A were grown on 
200 ml. of low biotin minimal medium. After four days 
one culture was assayed for 1-oxidase activity, while 
the medium was changed in the other two. The old medium 
of these cultures was decanted off and fresh, sterile 
medium (biotin-free minimal, 1% sucrose) added. The 
fresh medium for one culture was supplemented with 0.125% 
1-lysine hydrochloride. Enzyme activity of the two cul-
tures was assayed after 22 hours further incubation at 
250. The results are shown in Table XIV. It is SE!en 
that the omission of biotin effectively prevents further 
growth. The 50% increase of 1-oxidase activity in the 
lysine-supplemented culture, double that produced in 
the absence of added adaptive substrate, represents a 
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significant adaptive response. The differences in 
dry weight are not significant. The increase of L-
oxidase activity in the culture without added lysine 
is probably attributable to the absence of oiotin. 
(See later section on relation of biotin to adaptation.) 
It is apparent that an adaptive increase of the 
L-oxidase can occur in the virtual absence of growth. 
This evidenc~, combined with that on deadaptation, 
indicates that the mechanism of this increase is enzyma-
tic adaptation and not the selection of a mutant of 
high L-oxidase activity. 
Table XIV 
Adaptation in the Absence of Growth 
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No. 1, zero time control; No. 2, experimental control; 
No. 3, experimental (lysine added). 22 hours incubation 
after change of medium. (For details, see text.) All ex-
tracts dialyzed. Assay substrate, 1-leucine. 
L-oxidase Activity Yield/pad 
Culture Growth Rel a- Rel a-
No. mg.dry µl.02/hour/mg. DWE tive µl./hour tive 
l 198 1.44 100 286 100 
2 207 1.85 128 384 134 
3 209 2.20 153 460 161 
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Specificity of Adaptation 
The adaptive response of the 1-oxidase to casein 
hydrolysate is not due to any particular one of the amino 
acids present nor merely to the addition of biologically 
available amino nitrogen. This is indicated by experiments 
in which individual amino acids were added to low biotin 
minimal medium, and compared with the effect of the addi-
tion of casein hydrolysate. Amino acids tested include 
leucine, lysine, histidine and glutamic acid (Table XV), 
and aspartic acid (See Table XI). 
Concentrations of the amino acids used in the 
experiments of Table XV were chosen to give, respectively: 
(1) the same amount of the amino acid as does 0.1% casein 
(41); and (2) ~-amino nitrogen equivalent to the total 
nitrogen content of 0.1% casein. Examination of the data 
shows four points of interest: (1) little or no increase 
of the enzyme is produced at the lower concentration of 
any of the amino acids; (2) a significant increase is 
elicited only by those which are good substrates for the 
enzyme; (3) the magnitude of such an increase varies with 
the amino acid used; and (4) histidine, although a good 
substrate for the enzyme in vitro, induces little adapta-
tion. Aspartic acid was shown in Table XI to produce a 
slight increase of 1-oxidase activity. One may conclude: 
(l) that the adaptive formation of the 1-oxidase is de-
pendent upon the presence of an attackable substrate in 
sufficient concentration; (2) that the effect of casein 
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Table XV 
Specificity of Adaptive Response of L-oxidase 
Cultures of 4Rl0 grown 6 days in 200 ml. low biotin mini-
mal medium. Precipitated extracts. 
Exp't Activity Yield/ 
No. Supplement pl. o2/hour/g. FWE pad 
1 None 56 98 
0.1% casein hydrolysate 152 228 
0.025% L-glutamic acid 45 86 
2 None 47 66 
0.1% casein hydrolysate 89 124 
0.15% L-glutamic acid 49 93 
0.01% L-leucine 30 45 
0.15% L-leucine 137 233 
3 0.004% L-histidine·HCl·H2o 56 126 
0.225% " 76 171 
0.0095% L-lysine•HCl 76 152 
0.195% 
" 
197 345 
4 None 34 43 
0.15% L-leucine 188 235 
0.195% L-lysine•HCl 330 495 
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hydrolysate is not due to the presence of a mixture of 
amino acids per se, but to its content of substrate amino · 
acids (glutamic acid , a poor substrate for the enzyme, 
is the major amino acid component of casein); and (3) 
that the availability of amino nitrogen is not a sufficient 
condition for adaptation. The latter point is borne out 
by the findings of Hungate (42) and Fling (43) . They 
found that as sole nitrogen sources for wild type Neuro-
snora, glutamic and aspartic acids were of relatively 
high activity , leucine gave about half as much growth, and 
lysine and histidine only slight growth . 
Biotin and the Adaptive Response 
The substrate-specificity of the adaptive formation 
of the L-oxidase has been demonstrated . However , the in-
creased activity of the L-oxidase on low biotin minimal 
medium is , nominally, a non-specific effect. That it may 
not be wholly non-specific can be inferred from the 
results of experiments on the relation of biotin to the 
adaptive response. 
As suggested earlier (Table XII) , the concentra-
tion of biotin is an important factor in the magnitude 
of the L-oxidase activity produced by adaptation. This 
is more clearly shovm by experiments in which several 
concentrations of biotin were used in medium containing 
casein hydrolysate as the sole nitrogen source . As shovm 
in Table XVI, there is a 125 fold difference in the L-
oxidase activity of cultures grown, respectively, on 
Table XVI 
Effect of Biotin Concentration on Adaptive Response 
to .Amino Acids 
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All cultures grown on 1% casein hydrolysate, 6 days. Ex-
tracts dialyzed . Strain 4A. 
Biotin cone. Growth Activity Yield 
~/l . mg. dry µl .02/hr./mg. DWE /g. FVVE µ1.02/hr./pad 
5 .0 640 0.04 6 27 
1.0 615 0.98 155 602 
0.5 650 3.84 695 2495 
0.25 425 5 .10 850 2165 
0.25 and 5 .0~ of biotin per liter. Intermediate activities 
are produced at intermediate concentrations of biotin. 
Despite the low activity observed above with the 
highest concentration of biotin, an increase of the enzyme 
is usually observed in high biotin ( 5-f /liter) cultures 
grovm on casein hydrolysate as compared to inorganic nitro-
gen. In eight experiments, performed with two wild type 
strains grown on different volumes and depths of medium, 
and with different periods of incubation, such an effect 
has been observed six times (Table XVII, see also Table 
XII). In one case, there was a decrease of activity with 
the use of amino acids as a nitrogen source; and in the 
other, no significant difference in L-oxidase activity 
was observed. In the six positive cases, the increase 
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Table XVII 
Adaptive Response on High Biotin Medium 
All casein hydrolysate cultures grown on nitrogen-free 
minimal supplemented as indicated. Control cultures on mini-
mal medium. Biotin--5. 0 -r /liter. Strains 4A and 4Rl0. Sub-
strate L lpucine • -..... ~ . 
Age Cas. 
Exp't in hydr. Culture L-oxidase activit 
No. Strain days cone.(%) Volume (ml.) µ1 .02/hour/g . FWE 
-
1 4Rl0 8 0 200-x- ; 19 
fl 
" 0 .75 ff 58 
2 4A 7 0 500~E-* 23 
II 6 0.75 fl 13 
3 4A 7 0 200* 19 
fl !I 0.75 fl 16 
4Rl0 7 0 fl 17 
" 
ff 0.75 fl 27 
4 4A 7 0 200.,,. 7 
" 
fl 0.36 fl 63 
5 4A 14 0 400->*-* 178 
II fl 0.75 II 717 
" " 
0 200** 92 
" " 
0 . 75 fl 220 
-* In 750 ml. Erlenmeyer flask. 
1:-* In Fernbach flask. See footnote to Table X. 
y 
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in activity ranged from 1.6 to 9s0 times with a mean of 
4.7. The data suggest that conditions favoring an adaptive 
response on high biotin include shallow medium, and some 
optimum concentration of amino acids. In two of the posi-
tive cases, the period of incubation was 14 days as compared 
to 6 to 8 days for the others. The activities observed 
after longer incubation were comparable to those obtained 
with corresponding low biotin media. Two other experiments 
in which amino acids were added to high biotin minimal 
medium showed no increase of L-oxidase activity . Adaptive 
formation of the L- oxidase apparently does occur in high 
biotin medium, but only when other cultural conditions 
are favorable. 
It is concluded that the degree of adaptive forma-
tion of the 1-oxidase is controlled by biotin concentration. 
This is evident from the demonstration that excess biotin 
produces deadaptation comparable to that obtained by re-
moval of substrate, as well as from the more direct tests. 
As was pointed out previously, Neurospora mycelium 
grown on minimal medium contains free amino acids. A 
rather large percentage of these amino acids is attackable 
by the L- oxidase. (See also Table XXIII.) As a consequence 
of this fact and of the control of adaptation by biotin, 
it may be inferred that the increased L- oxidase activity 
observed on low biotin minimal medium represents an adap-
tation to intracellular free amino acids. Exogenous 
amino acids , added to produce demonstrable adaptation, 
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would thus be merely augmenting the stimulus already pro-
vided by endogenous amino acids. 
Some indirect evidence may be adduced in support 
of this hypothesis. The decreased L-oxidase activity of 
mycelium grovm on lirn.i ted nitrogen (Table X), might be 
attributed to a decreased synthesis of amino acids, and 
a consequent decrease in free amino acids. Also, as will 
be noted l a ter, strain CMI 3411, whi ch has a very high 
L-oxidase activity on low biotin minimal, also has a 
significantly greater concentration of free amino acids 
than does strain 4.A. Further work on these phenomena 
might provide adequate tests of the hypothesis of endogen-
ously induced adaptive formation of the L-oxidase . 
Adaptation ~nd Growth 
Two types of experiments have been done on the 
degree of 1-oxidase adaptation induced by different con-
centrations of casein hydrolysate. In one, co.sein hydroly-
sate s~rved as the sole nitrogen source, and in the other, 
ammonium chloride was added to give a constant total 
nitrogen concentration. Detailed work correlating substrate 
concentration and enzymatic response should be done with 
single a:'Ilino acids. Casein hydroly ss.te is inhibitory to 
growth at high concentrations, and its varied components 
make specific analysis difficult. 
When casein hydrolysate is used in low biotin 
medium as a growth-li~iting nitrogen source, a low 1-
oxida se activity is observed (Table XVIII) . Growth is 
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Table XVIII 
Casein Hydrolysate as Nitrogen Source 
and Adapti ve Substrate 
Cultures grown 6 days on 200 ml . low biotin, nitrogen-
free minimal medium, supplemented with casein hydrolysate as 
indicated . Strain 4A . Substrate, L-leucine . 
Cas . hydr . 
cone . Approx . Growth 
% mg . N/l . mg . 
0.1 150 355 
0.25 375 '145 
0.5 750 5fJQ 
1.0 1500 475 
-
Activit 
µ1.0 2/hour/mg . µ DWE 
0 .36 
1.83 
1 .62 
2.34. 
·-· 
--- - -----
y 
1 . 0 2/hour/g . FWE 
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increas ed not more t han 50~s by higher concentrati ons, whi l e 
L-oxi dase activity i ncreases by 350- 550%. The hi ghe st activi-
t y is observed a t a concent ration which is even slightl y 
inhibitory to growth . This can be interpreted a s meaning 
that, at low concentra tions, most of the amino acids are 
incorporated unchanged or their nitrogen utilized by other 
mechanisms than the L-oxidase (transamination, for example) . 
A relatively small amount would be left free to stimulate 
L-oxidase formation . At higher concentrations , the more 
readily usable amino acids provide sufficient nitrogen 
for growth, and a larger proportion of free amino acids 
results . 
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A similar L-oxidase activity is produced when the 
intermediate concentrations of casein hydrolysate are 
supplemented wi th ammonium chlor ide (Table XI X) . Compari-
son of these results with those of Table XVIII shows that 
the presence or absence of inorg anic ~itrogen has no signi-
ficant effect on ~-oxidase production at the t wo comparable 
concentrations of casein hydrolysate. Thi s lack of effect 
was further demonstrat ed in an experiLlent in which varied 
amounts of m:rn1onium chloride were added to l % casein hydroly-
sate medium (Table XX) • The hi ghest concentration of am-
monium chloride provided a 53}b increase in the total ni tro-
gen content of the medium. The r esults show a slight in-
hibition of growth at the higher concentrations of the 
added salt, with no marked effect on activity or yield of 
the L-oxidase . 
To..ble XIX 
Adaptive Response with Casein Hydrolysate 
as Partial or Complete Nitrogen Source 
Cul t~ires of 4-A grown 5 day 3,- in 200 ml. medium. Biotin, 
0.25 7'/litsr. Total nitrogen concentration, 1100 mg. N/liter. 
Extracts Dreci -J i ta ted 2.nc~ dialyzed. Subst.r_s.t_Q..i._I.-l e0.cine. _  _ 
Concentration ( 1~ ) Growth L-oxidase activity 
NH4Cl Cas. Hydr . g. wet. rl. 02/hour/g. FWE 
0.42 0 1.15 45 
0.28 0.24 2.30 333 
0.14 0.48 2.40 420 
0 0 .72 1.80 635 
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Table XX 
Effect of NH4Cl on Adaptive Response 
All cultures grown 6 days on 200 ml . low biotin, nitrogen-
free medium plus 1% casein hydrolysate (ca . 1500 mg. N/l.), 
supplemented with NH4Cl as indicated . Strain 4A. Substrate, 
L-leucine. 
NH4Cl (mg.) mg. NH4 Growth Activity Yield/ N/l. mg . dry µi.o 2/hour/mg. DWE pad 
-
0 0 405 5.12 2080 
150 200 425 6. 11 2600 
306 400 395 6.16 2440 
612 800 365 5.50 2000 
Effect of plL.Q.[ . Medium on Adapt a ti on. 
That tl1ere is an optimum pII range for ;;,c_ap tive form&-
tion of thE L-oxidase is shown by the data of Table XXI. 
;'faximum. activity of the enzyme v;as observed at pH 5, vihile 
t he greatest growth (wet weight) ~a s at pH 6. 
Table XXI 
Effect of pH on Adaptive Response 
Cultures grown 6 days on low biotin, casein hydr.olysate 
(lfe) sole nitrogen source. pH values adjusted before auto-
claving. St~~in_ 4A. Substrate, 1-leucin~e~·~~~--~~·~~-
pH 
4.1 
5.0 
6.0 
7.0 
Growth 
g. wet pl. 
1.70 
2.00 
2.40 
2.00 
Activity Yield/ 
o2/hour/g . FWE pad 
407 690 
650 1300 
565 1350 
480 960 
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Strain Differences 
Considerable difference exists in the amounts of 
L-oxidase formed under adaptive conditions by different 
wild type strains (Table XXII). The L-oxidase activity 
of 19 strains (re-isolated from a cross of 4A x 25Rll) 
was determined after 6 days growth on low biotin, casein 
hydrolysate medium. Six strains show a degree of adapta-
tion different from the mean by more than one standard 
deviation. Further study would be required to determine 
the mechanisms producing such differences. 
Strain CMI 3411 
Burton has reported (9) that a wild type strain 
of Neurospora, CMI 3411, shows no increase in L-oxidase 
activity when grown on low biotin casein hydrolysate 
medium as compared to low biotin minimal medium. The 
strain does show a biotin effect, the activity on low 
biotin minimal being approximately 10 times that observed 
on high biotin minimal. It was of interest to determine 
whether the absence of a casein hydrolysate effect repre-
sented an inherent difference in the ability to adapt. 
Experiments done by the present author have suggested 
that this is not the case. 
Burton's results were confirmed with crude extracts 
of 6 day old cultures. The activity on leucine of a culture 
grown on low biotin minimal was 4.52 µl . o2/hour/mg. DWE; 
growth was 285 mg. dry weight; and total enzyme yield 
1285 pl . o2/hour/pad. A corresponding culture grown with 
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Table XXII 
Strain Differences in Degree of Adaptation 
All cultures gro~m 6 days on low biotin, nitrogen- free 
minimal plus 1% casein hydrolysate . Extracts dialyzed . Sub-
strate , L- leucine . 
Strain No . 1- oxidase activity Strain No . L- oxidase acti vity 
µl . o2/hour/g . FWE pl . o2/hour/g . FWE 
llRl 570 llRll 320 
2 610 12 520 
3 335 13 625* 
4 540 14 720* 
5 290* 15 460 
6 420 16 355 
7 335 17 495 
8 510 18 135* 
9 385 19 700* 
10 260-'k 
Mean 450 
S . D. 150 
-)(- Deviation from mean more than 1 s. D. 
casein hydrol ysate had an activity of 3 . 54 µl . 02/hour/mg . 
DWE ; growth, 335 mg . ; and total activity 1200 pl . 02/hour/ 
pad . The reduction in specific activity due to the use of 
casein hydrolysate is 22%, although the total yield is not 
significantly changed . 
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It is seen that the activity of the British strain 
on low biotin minimal is comparable to the higher activities 
obtained by adaptation of strains 4A or 4Rl0 on low biotin-
casein medium. A very rapid uptake of a large amount of 
oxygen was observed during equilibration of the extracts 
of CMI 3411 in the Warburg vessels. The latter fact and 
the high enzymatic activity suggested that strain CMI 3411 
might possess a much higher concentration of intracellular 
free amino acids. If maximal adaptation (to the intracellu-
lar amino acids) occurred on low biotin medium, the addi-
tion of further amino acids would have no effect. As an 
extension of the idea proposed previously, that the L-
oxidase increase on low biotin is due to adaptation to 
endogenous amino acids, it is thus proposed that the 
amount so formed is, within limits, a function of the 
concentration of such amino acids. 
Strain CMI 3411 was shown to be significantly dif-
ferent from 4A in its content of free amino acids oxidizable 
by the L-oxidase (Table XXIII). Seven day old cultures 
grown on high and low biotin minimal medium were extracted 
with 70% alcohol (5 volumes/g. wet weight). Each extract 
was centrifuged, and the supernatant evaporated to dryness 
at 600 in vacuo. The residue was redissolved in water to 
give the equivalent of 50 mg. dry weight per ml., and the 
amino acid content of l ml. aliquots determined with lyo-
philized L-oxidase. The concentration of oxidizable amino 
acids in high biotin mycelium of CMI 3411 is li times as 
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Table XXIII 
Free Amino Acids in CMI 3411 and 4A 
Pads grown seven days, extracted with 5 ml. 70% alcohol/ 
g. fresh weight. Extract evaporated to dryness, redissolved 
in H20 to give 50 mg. DWE/ml. 1 ml. aliquots oxidized with 
lyophilized L-oxidase, plus catalase. 
Strain Biotin Growth Total µM amino ~/mg. µM/ 
mg.dry µ1 .02 acids DWE pad 
3411 High 270 85.7 7.65 0.153 41.0 
Low 235 98.l 8.76 0 .175 41.0 
4A High 745 55.9 4.98 0.099 74.5 
Low 425 21.2 1.89 0.038 16.l 
great as that of 4A, and in low biotin mycelium is nearly 
5 times as great. Whether these alone are sufficient dif-
ferences to produce the great difference in enzymatic 
activity, and the lack of effect of exogenous amino acids 
with CMI 3411 cannot be said. 
CMI 3411 is an abnormal strain in several other 
respects. The abnormalities evident from Burton's and the 
present work include the following: higher biotin require-
ment for half-maximum and maximum growth, lower maximum 
growth, inability to conidiate, and difficulty of transfer 
on solid medium. A further point noted by the present 
author is the very low dry weight/wet weight ratios of 
pads of CMI 3411. The mean ratio for 4 pads used in the 
present study was 0.08 as compared with the "normal" value 
of 0.22 cited in Section II. ·whatever the basic defects 
72 
of this strain may be, it is likely that the higher L-
oxidase activity is due in part to a higher concentration 
of intracellular free amino acids. 
Discussion 
The control of adaptive formation of the Neurospora 
L-amino acid oxidase by biotin has been seen to off er a 
significant lead to a partial understanding of the "biotin 
effectn, i. e., the increase of L-oxidase observed when 
cultures are grown on minimal medium containing a marginal 
amount of biotin. It has been suggested that the increased 
L-oxidase activity of low biotin cultures is due to enzyma-
tic adaptation elicited by intracellular amino acids. In 
terms of induced or spontaneous adaptation, the action of 
lowered biotin is to allow a net increase of the enzyme, 
and that of increased biotin is to prevent it. The results 
of the deadaptation experiments imply a biotin-mediated 
destruction of activity. The addition of excess biotin 
to an adapted culture, without the removal of the adaptive 
substrate, causes a great loss of specific and total L-
oxidase activity. This suggests that biotin may control 
an equilibrium between the active enzyme and an inactive 
form. The nature of the latter can be postulated as any 
one of a number of things, for example: another enzyme, 
an L-oxidase-inhibitor complex, or an inactive precursor. 
One tempting idea is the possibility of a relationship 
between the L-oxidase and the D-oxidase. The activity 
of the latter has been shown to decrease under conditions 
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which produce an increase in L-oxidase activity. 
Another case of increased enzyme activity in 
nutritionally deficient Neurospora cultures is found in 
the work of Shen (44), and Horowitz (45) on tyrosinase . 
Wild type grown on limiting concentrations of sulfate has 
a much higher tyrosinase activity than when grovm in mini-
mal medium (which contains excess sulfate). The increased 
activity is at least partially due to the absence of a 
tyrosinase inhibitor which is formed by cultures grown 
on excess sulfate . 
A situation similar to the L-oxidase-biotin re-
lationship has been found by Nason, et al . , in the effect 
of a deficiency of zinc or other metal ions on synthesis 
of certain -enzymes in Neurospora (46, 47). Zinc- deficient 
mycelium is found to have a greatly increased diphospho-
pyridine-nucleotidase activity, while the concentration of 
certain other enzymes decreases, or changes only slightly. 
Similar effects are found in biotin or nitrogen deficiency . 
These authors propose the working hypothesis that : 
"those enzymes which increase in nutritionally 
deficient cells are ' primitive ' proteins of 
relatively simple structure , the synthesis 
of which can proceed even in the absence of 
certain key reactions which are necessary for 
the building of more complex protein mole-
cules . " (46) 
It is not clear just what is meant by "primitive" proteins , 
nor how one would test the hypothesis . More specific exten-
sions of this hypothesis , as suggested above , would seem to 
be justified in the case of the Neurospora L- oxidase , in 
74 
view of the relationship of biotin to adaptive formation 
of the enzyme. 
The finding of Blanchard, et al. (48), that biotin 
is required for the adaptive formation of the "malic 
enzyme" by Lactobacillus arabinosus is also pertinent 
to the present discussion. Biotin is apparently not a 
component of the functional enzyme, but would seem to 
function catalytically in its formation. Here is an 
analogy, albeit in reverse, with the apparent control 
by biotin of L-amino acid oxidase synthesis in Neurospora. 
There is thus an implication from the work of 
Blanchard, et al., of Nason, et al., and of the present 
author that an important metabolic function of biotin may 
lie in its relationship to the synthesis of certain speci -
fie enzymes. This idea was presented by Blanchard, et al., 
as follows: 
"Only minute concentrations of biotin are re-
quired for bacterial growth. This substance 
is present in various tissues at very low 
concentrations relative to other vitamins 
which function as components of prosthetic 
groups of certain enzyme systems of i nter-
mediary met abolism (h.-b nicotinic ac i d, 
thiamine, pyridoxine, pantothenic acid) • 
These facts make it unlikely that biotin 
is involved as a prosthetic group at the 
level of metabolism of the malic acid dis-
simulation system. It would appear that 
biotin functions at a more basic level and 
that it may be a component of the prosthetic 
e.;roup of an enzyme system which synthesizes 
(or is involved in the synthesis of) other 
prosthetic groups or apoenzymes." (48) 
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VI . The 1- amino Acid Oxidase and Canavanine Resistance 
Canavanine (NH2-C(:NH) - NH-O- CH2-cH2-CHNH2- COOH) 
(49, 50) is a structural analog of arginine, in which an 
oxygen atom replaces the terminal chain carbon of' arginine . 
It is inhibitory to the growth of several microorganisms 
and higher plant tissues , and the inhibition is reversed 
be arginine . Organisms in which such a relationship has 
been demonstrated include certain wild type strains of 
Neurospora (2, 51); lactic acid bacteria and Escherichia 
coli (52); Avena (coleoptile growth and respiration) (53, 
54); and maize (embryo growth) (55) . Bacillus subtilis 
is resistant to canavanine (51) . Other amino acids which 
reverse canavanine inhibition to some extent are: lysine 
(Neurospora, Avena, and maize); glutamic acid (Avena, 
maize); and ornithine and citrulline (lactic acid bacteria, 
maize) . Canavanine inhibition of a partially sensitive 
strain of Neurospora is reversed by several other amino 
acids besides arginine and lysine , particularly methionine 
(2) . A competitive relation between arginine and canava-
nine has been demonstrated in Neurospora and lactic acid 
bacteria (2 , 52) , and between lysine and canavanine in 
Neurospora (51) . 
Strain Differences in Sensitivity to Canavanine 
The work of Horowitz and Srb (2) showed that there 
were marked differences in the canavanine sensitivity of 
different wild type strains of Neurospora . Growth of 
strain 25a was completely prevented by concentrations 
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of canavanine sulfate greater than 1.25 'f' per ml . (5.55 x 
io-6M) $ A partially sensitive strain, lA, was inhibited 
55% by a ten fold greater concentration, and growth of 
resistant strain 4.A was usually inhibited not more than 
15% by concentrations up to 50r' per ml . 
The difference in canavanine resistance between 
strains 25a and 4A was shown by these authors to be 
genetically determined. Nutritionally, however, the two 
strains are wild type, that is , capable of synthesizing 
all necessary amino acids, including arginine and lysine, 
from sugar and inorganic salts. Arginine and lysine are 
the only amino acids known to reverse canavanine inhibition 
of strain 25a, yet the ability to synthesize these com-
pounds does not protect it from canavanine inhibition . 
This led Horowitz and Srb to suggest that: 
"the relative immunity to canavanine intoxi-
cation displayed by strain 4A results from 
a mechanism for detoxifying or otherwise 
disposing of the compound, a mechanism pre-
sumably possessed by strain 25a in a much 
less active form, if at all . " (2) 
That detoxification is involved in canavanine re-
sistance was further suggested by the work of Teas (51, 56) . 
He showed that canavanine is utilized by certain Neurospo~ 
mutants, apparently as a substitute for homoserine (HOCH2-
CH2- CHNH2-COOH), when the "cnr" gene, responsible for 
canavanine resistance, is present . He also showed that 
detoxification is probably not through the production of · 
canaline (NH2-0- CH2-CH2- CHNH2- COOH) , since canaline is 
inhibitory to many strains of Neurospora, regardless of 
canavanine sensitivity (51). Canaline is formed from 
canavanine by the action of a liver enzyme, probably 
arginase (57). Preliminary experiments by the present 
author have shown that arginine and lysine are not sig-
nificantly stimulatory to grovvth of canavanine sensitive 
strains, indicating that their sensitivity is not due to 
a decreased rate of synthesis of these compounds. 
When it was found that canavanine is a highly 
active substrate for the L-oxidase, experiments were 
undertaken to determine if this enzyme could be part of 
the mechanism by which a resistant strain detoxified 
canavanine. 
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Strains used in the present work include: 4A and 
4RlOa, resistant; 25a, 25R8A, and 25Rlla, sensitive; and 
lA and 25R9A, partially sensitive; and in the final work, 
22 cultures from random ascospores resulting from a cross 
of 4A and 25Rlla. The re-isolated strains behaved sim-
ilarly to the original strains with which they are classed 
here. It became necessary to use the re-isolated strains 
when the original culture of 25a became attenuated in 
growth and lost the ability to conidiate. (Other cultures 
of "25a" tried were not canavanine sensitive.) 
11Keto-canavanine" 
The L-oxidase produced in culture medium by 
either sensitive or resistant strains is very active against 
canavanine, oxidizing it to 80-95% of theoretical completion. 
The final solution after such oxidation shows a strong 
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color reaction for the presence of a keto-acid (13), as 
expected . A quantitative ammonia determination showed the 
production of 1 mole of ammonia per mole of substrate 
oxidized . It is suggested that the apparent lack of 
complete oxidation is due to the presence of desamino-
canavanine, which can be spontaneously formed during the 
isolation of canavanine (58). It is also reported that 
desaminocanavanine is formed in solutions of canavanine 
which are allowed to stand for one to two weeks (16% 
conversion in 12 days at 280). This may explain the low 
oxygen consumptions observed in the present work, since 
the solutions used were often stored (u.nder refrigeration) 
for a few weeks. The desamino form would not be expected 
to react with the L-oxidase, if the cyclic structure pro-
posed (58) is correct. 
The product of the oxidation of canavanine by 1-
oxidase from strain 25a was tested for its effect on growth 
of 25a (Table XXIV). 'I'he preparations used were from two 
Warburg vessels in which oxygen uptake stopped at 90% of 
the theoretical. They were inactivated by immersion in 
boiling water, tested for the presence of keto-acid (posi-
tive), and sterilized by filtration. The results show 
that the oxidation product is not inhibitory to 25a, nor 
does the solution contain an antagonist of canavanine. 
Incomplete oxidation apparently does not leave a residual 
10% of intact canavanine , since growth at the higher levels 
of "keto-canavanine11 is not inhibited . This is further 
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Table XXIV 
Growth of Strain 25a on Intact and Oxidized Canavanine 
Supplement Growth 
Canavanine Oxid. products Exp't 1 Exp't 2 
sulfate of canav. 72 hrs. 67 hrs. 
7/20 ml. " r "I 20 ml • 
0 0 67 38 
25 0 ~ 0 
0 25 67.5 36 
0 50 73.5 35 
0 100 64 35.5 
0 250 69 30.5 
0 500 - 33.5 
25 250 - 0 
50 250 ... 0 
evidence for the presence of an inactive compound in the 
canavanine used. Other experiments with re-isolated cana-
vanine-sensitive strains have confirmed the non-toxicity 
of the oxidation products. 
Since "keto-canavanine" is not inhibitory to strain 
25a, it is clear that the L-oxidase could be the mechanism 
for detoxifying canavanine. However, the enzyme was found 
to be formed by all the strains involved, sensitive and 
resistant. Therefore, it was proposed as a working hypo-
thesis that the sensitive strains might possess a modified 
1-oxidase which was incapable of acting on canavanine in vivo. 
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l!L.Yi.Y.2 Activity of the 1-oxidase 
It has been difficult to devise an adequate test 
of the in vivo activity of the enzyme. Attempts were 
made to determine amounts of keto-acid produced by pads 
suspended in a relatively high concentration of canavanine. 
Keto-acid is formed, but the small amounts found indicate 
it is further broken down. Therefore, little reliance 
can be placed on the results. 
Since the L-oxidase increases greatly on low 
biotin medium, resistance should be increased on low 
biotin medium, if the L-oxidase is the functional means 
of detoxification. That is, the concentration of canava-
nine required to produce a certain degree of inhibition 
would be higher in low than in high biotin medium. In 
testing this idea, canavanine was added to 2 day old 
cultures of strain 25Rll growing on high and low biotin~ 
Total growth was determined after 2 more days of incuba-
tion. The results are expressed in terms of the growth 
in the corresponding control culture without added canava-
nine (Table XXV). The growth increment on low biotin and 
1 mg. of canavanine is greater than that observed on high 
biotin and 2507 of canavanine. This represents a more 
than 4 fold increase of resistance due to biotin limita-
tion. 
As done here, the effectiveness of low biotin was 
best demonstrated by adding canavanine to already growing 
cultures and measuring the inhibition of further growth. 
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Table XXV 
Increased Canavanine Resistance in Biotin Deficiency 
Strain 25Rll, grown 46 hours before addition of canava-
nine. Final dry weights taken 47 hours after addition. 
Mean weight of duplicate pads. 
Growth (dry weight) 
Relative 
Hours L-cana- High biotin Low biotin 
vanine• 
iH2S04 mg. abs. rel. mg. abs. rel. Low bio. 
-r/20 ml. a A 6 Li High bio. 
46 0 11.5 5.5 
93 0 61 49.5 100 54.5 49 100 1.00 
100 66.5 55 111 50 44.5 91 .82 
250 26 14.5 29 41.5 36 73.5 2.53 
500 19.5 8 16 31.5 26 53 3.31 
750 18 6.5 13 25 19.5 40 3.08 
1000 16 4.5 9 23.5 18 37 4.11 
When conidia are inoculated into high and low biotin media 
containing canavanine, variable results are observed, 
possibly due to an initial disadvantage caused by low bio-
tin. Essentially the same effect as given in the table 
has been obtained several times, with a 2 to 4 fold increase 
of resistance on low biotin. It must be borne in mind, 
however, that some other detoxification mechanism could also 
be enhanced by lowering the biotin level. 
As a further demonstration that the enzyme is 
active in vivo, the growth responses of three amino acid 
mutants to varied concentrations of the required amino 
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acid were determined on high ·and low biotin (Figures lOa, 
b, and c). Strain 37101 requires L-lysine, and will not 
grow on D-lysine or on a-keto-~-amino-caproic acid (59). 
Strain C83, a tryptophaneless mutant, will grow on L- or 
D1-tryptophane and on indole-pyruvic acid (60). Strain 
68604, requiring methionine, is presumed to behave similarly 
to other methionineless mutants which grow on D- or 1-
methionine or on a-keto-7-methylmercaptobutyric acid (4). 
The only mutant whose response (to different concentrations 
of its required substrate) is affected by the decrease in 
biotin concentration is 37101. This can be interpreted 
as meaning that increased L-oxidase activity decreases 
the amount of 1-isomer available; utilization of a given 
amino acid is interfered with only where the keto-acid 
cannot be reconverted to the amino acid. 
Comparison of L-oxidases from Medium 
Attempts were made by in vitro experiments to find 
pertinent differences in the activity of the L-oxidase 
produced in culture medium by sensitive and resistant 
strains. No significant differences were detected in 
the activity of enzyme preparations from 4A and 25a on 
canavanine or other substrates under varied conditions 
of pH, substrate concentration, enzyme concentration, 
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Figure lOa 
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Figure lOc 
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and oxygen tension. Nor was there any consistent dif-
ference in the amount of L-oxidase activity observed in 
low biotin extracts. However, it will be seen later that , 
in a large series of strains, there is a correlation 
between the level of L-oxidase activity of extracts and 
canavanine resistance. One very noticeable difference 
was found in the relative activity of enzymes from the 
two strains on canavanine and leucine (or some other 
substrate). In comparable preparations, the ratio of 
activity on canavanine to that on leucine was higher 
for a resistant than for a sensitive strain. This held 
. 
true for 4A when compared to 25a, and for their progeny, 
4Rl0a and 25Rlla. However, when 19 of the 22 random asco-
spore re-isolates from the cross 4A x 25Rlla were tested, 
this difference was found not to segregate with canavanine 
sensitivity. The re-isolates were tested by using dia-
lyzed extracts of cultures grown on low biotin with casein 
hydrolysate as sole nitrogen source. Three out of six 
resistant strains had too low an activity on canavanine, 
while six out of 13 sensitive strains had too high an 
activity. 
Canavanine Effect in Crude Extracts 
When no strain differences were found in the acti-
vity on canavanine of the relatively clean enzyme from 
medium, attention was turned to the effect of canavanine 
in crude extracts of low biotin cultures. Besides the 
L-oxidase, such extracts contain most of the free amino 
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acids of the mycelium, an important part of the intra-
cellular milieu of the enzyme. 
Canavanine has been found to inhibit the rate 
of oxygen uptake by crude extracts of low biotin cultures 
significantly more than does phenylalanine, leucine, or 
other substrates. In many cases, the oxygen consumption 
does not reach the level of the endogenous controls even 
after prolonged incubation. At other times, oxidation 
of the added canavanine is ultimately manifested by an 
increased total oxygen consumption. Such effect;s are 
undoubtedly due to competition between canavanine and 
the endogenous amino acids for the 1-oxidase. Models 
for such competition are provided by the experiments of 
Table IV (See also Fig. 4), using L-oxidase from medium 
and prepared mixtures of amino acids. 
The effect of canavanine on the respiration of 
crude low biotin extracts was determined for all 22 of 
the re-isolates obtained from the cross of 25Rll x 4A. 
A difference was found between resistant and sensitive 
strains which parallels their canavanine sensitivity. 
The effect may be summarized by saying that the more 
growth-sensitive a strain is to canavanine, the less will 
the oxygen uptake of a crude extract of that strain be 
inhibited by the addition of canavanine. Before consider-
ing a possible explanation, the data must be discussed 
in some detail. 
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The data of Table X.XVI are the results of the 
enzymatic experiments. Inhibition of oxygen uptake by 
canavanine is given for the time when the endogenous 
uptake was approximately 50 µl. That the rate of endo-
genous uptake varied is shown by the different times 
required to reach the 50 µl. level, and by the figures 
representing n1-oxidase activity.n The resistant strains 
are different from the sensitive strains in the greater 
inhibition by canavanine. The mean values for inhibi-
tion (0.30 for the resistant strains, 0.11 for the sensi-
tive strains) are significantly different. (t=5.15. 
At 1% level, t=2.845. (61) ) 
Great variations in canavanine growth-sensitivity 
exist among both the sensitive and resistant strains 
(Tables XXVIIA and XXVIIB). In other tests, some of the 
resistant strains have shown a higher degree of resistance. 
The sensitivity of particular strains also varies in dif-
ferent tests. Inoculum size and the age of the culture 
used for inoculation are undoubtedly important factors 
in this latter variation. The effect of inoculum size 
was easily demonstrated. Using a dilute suspension of 
conidia from strain llRl, growth was measured after 100 
hours on minimal medium alone and with 107 of canavanine 
sulfate. With an inoculum of three drops, dry weights 
were 60 and 0 mg. respectively; four drops, 64.5 and 13; 
five drops, 70.5 and 26. Critical growth data would 
depend on the use of inocula identical as to density 
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Table XXVI 
Inhibition of OA=ygen Up~ake of Crude ExtraQtS by Canavanine 
All extracts were of 6 day mycelium grown on 200 ml. low 
biotin minimal medium. Two ml. of extract contained 0 . 8 g. 
FWE . Canavanine--0.25 ml . M/30. 
-µl. 02 Endogenous acti-
Strain Time Inhibition vi t y-µ1.02 in 
No. Mins. Endog. Canav. _%[100 initial 3Q_.mins. 
Resistant 
11R2 30 51.8 41.2 0.21 52 
3 60 55.8 37.2 0.33 30 
11 75 54.4 41.6 0.24 20 
12 40 57.1 41.0 0.28 42 
14 10 46.8 31. 8 0.32 131 
18 50 54.4 31.3 0.42 35 
22 85 ·-· 55.5 40.5 0.27 18 
-
Mean 0 .30:&:0.0~ 47:1:39 
Sen-si ti ve 
llRl 90 52.4 54.4 -0.04 18 
4 90 56.9 55.0 0.03 19 
5 90 49.7 47.9 0.04 19 
6 ?5 48.2 42.3 0.12 21 
7 95 47.6 41 . 6 0.13 16 
8 75 50.3 47.7 0.05 19 
9 60 52.6 44.4 0.16 22 
10 60 47.6 43.7 0.08 21 
13 50 55.4 43.l 0.22 33 
15 90 36.6 36.6 o.oo 15 
16 70 55.2 47.2 0.15 27 
17 95 56 .3 46.l 0.18 21 
19 30 50.4 36 .2 0.28 50 
20 40 46 .2 40.2 0.13 35 
21 85 46 .8 41.6 0.11 16 
--·-Mean 0 .11:1:0.08 23:1:9 
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Table XXVIIA 
Effect of Canavanine on Growth of Resistant Strains 
Growth determined after 71-73 hours. 
Strain No. L-canavanine•iH2so4 7/20ml. Inhibition by 1004 
0 100 200 500 1000 
11R2 55 20 19 8.5 3 0.64 
58 48 53.5 0.17 
3 61 19 10.5 14 7 0.69 
64.5 44.5 45 0.31 
11 67 21 15 14 17 0.69 
51 29 30.5 0.43 
12 54 14 16 16 22 0.74 
14 64 18 7 17 13 0.72 
18 47.5 30.5 31.5 0.36 
22 49.5 34.5 32.5 0.30 
Mean (of means) 0.5l:t:0.17 
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Table XXVIIB 
Effect of Canavanine on Growth of Sensitive Strains 
Growth determined after 117-129 hours. 
Strain No. 1 -t/20ml. Inhibition L-canavanine•2H2S04 
by 10 ..Y 
0 10 25 50 100 
llRl 86 0 1.00 
4 89.5 0 1.00 
5 90.5 9 0 0.90 
6 92.5 13 0 0.86 
7 93.5 0 1.00 
8 89 24 0 0.73 
9 81 58 0 0.28 
61 0 1.00 
10 92.5 25.5 0 0.72 
13 83 9 30 70.5 0 0.89 
84.5 62 99 3 0 0 .27 
79.5 1 3.5 0 0.98 
15 84 2 0 0.98 
99.5 33 25 1 0 0 .67 
16 85.5 20.5 0 0.76 
17 85.5 48.5 55 2 0 0.43 
19 82.5 0 8 .5 0 1.00 
77 .5 59.5 54 0 0.25 
20 89 40.5 0 0.54 
21 82 14 23.5 0 0.83 
Mean (of means) 0.77~0.17 
and age. Despite these variations, it was of interest 
to determine statistically the correlation between the 
inhibition by canavanine of oxygen uptake in extracts 
and the growth inhibition by 107 of canavanine sulfate 
(sensitive strains only). For the growth inhibition 
values of Table XXVIIB (average values where more than 
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one determination was made), and the enzyme inhibition 
values of Table XXVI, a coefficient of correlation of 
-0.62 is obtained (at 5% level, r=.514; at 1%, r=.641 
(61).). The calculated r value is "probably significant." 
The negative value of r would mean that the strains which 
are more inhibited in growth show less inhibition of oxy-
gen uptake in extracts. This implies an extension, within 
the sensitive class, of the conclusion reached by compar-
ing the mean behavior of sensitive and resistant classes. 
There is not a sufficient number of resistant strains for 
a similar analysis. 
An higher degree of correlation is found when L-
oxidase activity (as measured by endogenous oxygen uptake 
in the first half-hour of incubation) is compared with 
the degree of inhibition of the endogenous respiration 
produced by canavanine (sensitive strains only). The cor-
relation coefficient found is 0.74 (p values as before). 
This also constitutes corroboration of the impression 
given by comparing mean values for resistant and sensitive 
strains. The inhibition of oxygen consumption by canava-
nine would thus be directly related to the amount of 
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L-oxidase . 
Before proceeding to possible interpretations, 
the conclusions to be drawn from the data presented to 
this point should be considered . It appears that the 
sensitive and resistant strains differ significantly in 
the degree of inhibition by canavanine of oxygen consump-
tion of extracts . The i nhibition is greater for the re-
sistant strains. Ai:nong the sensitive strains , the degree 
of inhibition parallels the initial rate of oxygen con-
sumption, and correlates inversely with the sensitivity 
to canavanine observed in growth experiments. 
The question arises: is the rate of oxygen uptake 
a measure of the L-oxidase activity? Results discussed 
in an earlier section indicate that it is . In no case 
has the rate of oxygen consumption of a crude extract 
with an added L- amino acid appreciably exceeded the maxi-
mum rate of oxygen consumption observed in the control 
extract without added substrate (Cf . Figure 4) . This was 
again demonstrated in the present work with extracts of 
llRlO (sensitive) and l l Rll (resistant) using leucine as 
the substrate . Leucine was oxidized (after long incuba-
tion) by extracts of both strains . In other vessels in 
this experiment, the initial inhibition of oxidation by 
canavanine was greater in the resistant strain . Toward 
the end of the run (10 hours) the rate of uptake with 
canavanine present was increasing for the resistant strain, 
while the rate for the sensitive strain was constant and 
93 
much below the initial level . 
Tables XXVI and Y.XVII show four apparent exceptions 
to the relation of L- oxidase level to inhibition by canava-
nine, and to the difference between sensitive and resistant 
strains . Two resistant strains , llRll and 11R22, have L-
oxidase activities similar to those of sensitive strains , 
yet the extracts show inhibition by canavanine character-
istic of the resistant strains . Two sensitive strains , 
11Rl3 and 11Rl9, show L-oxidase activity and i nhibition 
by canavanine characteristic of the resistant strains . 
Strains 11Rl3 and 11Rl9 are atypical in other respects . 
Their growth response to canavanine shows stimulation by 
intermediate concentrations (Table XXVIIB) . Total yields 
of L- oxidase produced on low biotin-casein hydrolysate 
medium (Table XXII) are high . These differences suggest 
a different degree of "adaptivity" of the two strains , 
and a tentative explanation which preserves the validity 
of the conclusions . The canavanine sensitivities were 
determined on high biotin medium, where 1-oxidase acti-
vities are low . If these two strains are abnormally 
"sensitive" to amino acids in the adaptive formation of 
the enzyme, growth in low biotin minimal might produce 
a greater increase of enzyme than occurs with the other 
strains . Since there appears to be a correlation between 
amount of activity and the degree of inhibition in extr acts , 
the deviation from the mean inhibition would be a result 
of the hi gher activity . On this basis , 11Rl3 and 11Rl9 
94 
would be expected to show a greater increase of canava-
nine resistance by growth on low biotin over high biotin 
than would other sensitive strains . However, when tested 
by the delayed addition of canavanine (as in Table XXV) 
these two strains showed nearly equal resistance on high 
and low biotin. Two control strains, 25Rll and llRlO, 
showed 80% more resistance on low biotin. 
An alternative explanation, unexplored experi-
mentally, is similarly based on the adaptive "sensitivity" 
of these strains . It is possible that increased L- oxidase 
activity can be elicited by canavanine (or other amino 
acids) even on high biotin medium if a strain is sufficient-
ly sensitive. Such an idea might find support in the ap-
parent stimulation of growth of strains 11Rl3 and 11Rl9 
by intermediate concentrations of canavanine. 
Discussion 
The experiments reported above show that the L-
amino acid oxidase is one factor involved in the detoxi-
fication of canavanine . This makes an interpretation of 
several observations necessary , especially of those made 
with crude extracts of the 22 re-isolated strains . A 
fundamental problem must also be taken into account . 
The 1-oxidase has been demonstrated in all sensitive, as 
well as resistant , strains tested . The non-toxicity of 
the product of 1- oxidase action on canavanine has been 
demonstrated . The basic question to be answered is, 
therefore: why is this potential mechanism of detoxifica-
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tion apparently not operative in sensitive strains of the 
mold? In addition, what is it that segregates with cana-
vanine sensitivity which causes a greater inhibition of 
oxygen uptake (by canavanine) in extracts of resistant 
strains? Can the exceptional strains be accounted for 
in any scheme based on the present observations? 
The most direct explanation postulates a difference 
in the nature of the L-oxidase of sensitive and resistant 
strains . Its affinity for canavanine may be modified in 
such a. way in the sensitive strains that, in the presence 
of the free amino acids of the mycelium, canavanine is 
attacked much more slowly than in the resistant strains. 
In this case, greater inhibition of oxygen uptake in 
extracts, as for the resistant strains, would indicate 
that canavanine was being oxidized in preference to other 
substrates. The difference would not have to be an ab-
solute one, since it is known that sensitive strains will 
eventually grow on moderate concentrations of canavanine 
(2). Moreover, the delayed addition experiments reported 
above show that started cultures of sensitive strains 
will grow on concentrations of canavanine much higher 
than those which prevent initiation of growth. 
Two experimental tests of the present hypothesis 
are proposed. Firstly, by detailed chromatographic or 
other studies it should be possible to determine if cana-
vanine were being oxidized preferentially in extracts of 
resistant strains and more rapidly than in corresponding 
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extracts of sensitive strains. Secondly, it should be 
possible to determine if the qualitative amino acid dis-
tribution in extracts is a contributing factor in produc-
ing the difference in inhibition of endogenous respiration. 
This could be done by reconstitution tests with boiled 
extracts and dialyzed extracts from sensitive and resistant 
strains. The crucial test would be the comparison of 
the effect of canavanine on oxidation of the homologous 
and heterologous boiled extracts by each dialyzed extract. 
Genetic control of canavanine resistance was 
demonstrated by Horowitz and Srb (2). Out of 18 asci 
dissected, 13 indicated the segregation of resistance 
as a single gene effect, although the remaining 5 asci 
"could not be so simply interpreted. 11 This is suggestive 
of the presence of genetic or other modifiers of the 
primary effect. Subsequent work by Srb and his students 
(62) has always shown the results expected of a single 
gene effect. Since details of the crosses are not avail-
able, it may be possible that the modifying genes were 
eliminated by the choice of parents. Teas (51) suggests 
that .the inability of the resistant mutant strain 51504 
to use canavanine as a substitute for homoserine may be 
due to its resistance being of a different sort from that 
of 4A (relative to 25a). The presence of a second gene 
was also suggested in the present work by the isolation 
of 25R9, partially sensitive, from the cross 4A x 25a. 
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The ascus from which it was derived showed this distribu-
tion by spore pairs: 
sensitive; partially sensitive; resistant; sensitive. 
25R8 25R9 25Rl0 25Rll 
Further crosses to test for genetic or other factors 
producing this result have not been done, and the cross 4A 
x 25Rlla resulted in no dissectable asci in two attempts. 
The present enzymatic and growth data could also be inter-
preted as indicating the presence of genetic modifiers, 
notably in respect to the exceptional sensitive and resist-
ant strains. 
The biochemical, genetic, and growth data indicate 
that at least two factors are involved in the determina-
tion of canavanine sensitivity. They must be assumed to 
vary independently, at least within limits; nor is it 
possible to point to either as the primary genetically 
controlled factor. It is clear that the L-oxidase is in-
volved in the detoxification of canavanine. The growth 
experiments with high and low biotin show that the specific 
L-oxidase activity of mycelium is one important factor. 
In addition to this quantitative factor, a qualitative 
difference in the activity on canavanine of the L-oxidase 
of sensitive and resistant strains is apparent from the en-
zymatic experiments. A further qualitative difference, in 
the distribution pattern of free amino acids in the myceli-
um of sensitive and resistant strains, may contribute to, 
or even produce, this apparent enzymatic difference. 
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Appendix 
Minimal Medium Used for Neurospora (11) 
NH4 Tartrate 5.0 g. 
NH4No3 1.0 " 
KH2Po4 1.0 TT 
MgS04 •7H20 0.5 I! 
NaCl 0.1 I! 
Ca Cl 0.1 tf 
Na2B4o7•10H2o 0.088 mg. 
CuCl •2H 0 2 2 0.268 fl 
FeC13 •6H20 0.978 " 
MnC12 •4H20 0.072 tf 
Na2Mo04•2H20 0.050 " 
ZnC12 4.180 " 
Sucrose 20.0 g. 
Biotin 5.07 
H20 1.0 liter 
